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COverview:
During the last contract period we have published two papers, we have

" with a third ready for submittal and a fourth in the

one '"in press,
late~-draft stages (see enclosures). The research culminating in these
papers has been supported entirely or in part by ONR contract
N00014-75-C-0539. We also have developed, modified, applied and
documented a three-axis image-analysis system for analyzing holograms of
dynamic particles. A description of the image-analysis hardware,
algorithms for particle sizing and the accuracies attained can be found in
Payne, Carder, and Steward (1983; see attachment). A description of the
nine holographic image analysis subroutines for controlling a three-axis,

2-micron resolution positioning system, particle sizing, and performing

data management functions is also provided along with program listings.

Synopsis of Results

The two papers published last summer resulted from earlier Navy

contracted work. They are:

Fanning, K. A., K. L. Carder and P. R. Betzer, 1982, Sediment
resuspension by coastal waters: a potential mechanism fer
nutrient re-cycling on the ocean's margins, Deep Sea Research
29(8A): 953-965,

Carder, K. L., R. G. Steward and P. R. Betzer, 1982, 1In situ
holographic measurements of the sizes and settling rates of

oceanic  particulates, J.  Geophyvsical Research  87(C8):

5681-5685.
In the first paper we demonstrated that very large light-attenuation

coefficients (e.g., Cp >3.3 m_l) measured near-bottem (“30m) during a
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winter frontal passage over our three-day time series station south of
Mobile Bay were accompanied by nutrient enrichments of as much as 10-fold
over concentrations found in the overlying waters or between storms. We
provided evidence that sediment resuspension may significantly accelerate
nutrient recycling on continental margins.

The second paper documents the first in situ oceanic measurements of
individual particle settling velocity parameters. They were obtained
using a holographic technique in a vertically damped sediment trap/float
array in the western Sargasso Sea. To our surprise there were significant
numbers of large (15~45 um) heavy minerals of Saharan dust origin. Such
particles have been heretofore never reported in the aerosol literature so
far (>5000 km) from the Sahara Desert. The holographically determined
sizes, shapes, and Stokes-derived densities matched those determined by

scanning electron microscopy analysis (SEM/EDXA) and particle compositions

of samples collected in the sediment trap.

This research activity also led to three papers which are in varicus

stages of publication:
Doyle, L. J., K. L. Carder, and R. G. Steward, The hydraulic

equivalence of mica. J. Sedimentary Petrology, (in press).

Payne, P., K. L. Carder and R. G. Steward, A system to catalog and
analyze holographic images of dynamic ocean particles, final
draft to be submitted to Applied Optics.

Carder, K. L., R. G. Steward, P. R. Betzer, D. Johnson and
J. Prospero, Chronology of an aeolian input event to the

Sargasso Sea, to be submitted to J. Geophysical Research.

The first paper reports the findings of a laboratory experiment using

the holographic microvelocimeter. The purpose of this experiment was to




determine the settling dynamics of sand- to silt-sized mica flakes. Mica
has been classically considered to have a settling velocity relatively
lower than other minerals of equivalent size and density. This was based
upon the association of sand-sized mica and clay-sized minerals in various
environments. Until our experiment, there had been no quantitative
evidence to support this correlation. The holographic microvelocimeter
provided the means of accurately viewing and measuring the settling
behavior and velocities of individual mica flakes. These data established
that mica is the hydraulic equivalent of quartz spheres between 4 to 12
times smaller in diameter.

This experiment was conducted using dual beam holography; i.e.
simultaneous holograms were collected along the vertical and horizontal
axes. These data showed that the mica flakes seldom settled in either the
brecadwise or edgewise orientation. Also the flakes usually maintained a
stable orientation and rarely rotated further. The data allowed
compariscon between two different formulations of Stokes equations modified
for shape and settling orientation. This comparison showed that for
flakes where the diameter is approximately 50 times the thickness there
was little difference between the two sets of shape modified equations.
For thicker particles, the orientation factors in one set of equations
allowed better accuracy in predicting the settling velocity.

The second paper (see Appendix) describes the image analysis
hardware, algorithm concepts, and algorithm accuracies for a
micro~-computer controlled hologram positioning and particle analysis
system, Particle size (area, perimeter), shape, settling velocities, and
Stokes densities are measured/calculated with the system with accuracies

of better than *4% for high-contrast particle images and better than *10%




for low-contrast holographic particle images with optical noise (speckle
and particle diffraction patterns) superimposed. Techniques for improving
signal extraction from the noisy images are also discussed.

The third paper discusses development of a three-week time series of
Sahara-derived aerosol concentrations from the particle data collected by
the holographic particle velocimeter trap data. In essence, a particle
settling model (particle densities and shape parameters) consisting of
eight particle classes (e.g., quartz, hematite, rutile, etc.), was
calibrated by fitting the aerosol concentration data derived from taking
the particles from the sediment trap (30 m depth) back in time, to aerosol
concentration data collected by Joe Prosperoc on Virginia Key. This in
effect was a natural sedimentation experiment with a 30-meter "settling
tube." It produced Stokes particle densities for each mineral class.
These matched almost precisely our holographically-~derived densities
(Carder, et al., 1982) for heavy minerals (e.g., 5.10 vs. 5.20 for
"hematite," 4.10 and 4.16 vs. 4.20 for "goethite" and "rutile'"), and for
non-heavy minerals (e.g., from 2,55 to 2.72 versus 2.19 to 2.99). Since
the non-heavy minerals included clays, quartz, and iron/titanium
containing silicates, the variance of density values for these non-heavy
mineral classes would be expected to be larger than for the dominant heavy
mineral classes.

Thus success of this particle dynamics model for aeolian input will
permit us to now look at fluxes of this component as a tracer through the
ocean system (e.g., removal and repackaging by fiiter feeders) in future
papers. With data collected over 5 days trom traps at 30 m, 100 m and
300 m, development of aerosol time series for the Sargasso of up to 2

months should be possible. This would provide us the capability of




gathering time series data on aerosol inputs to the ocean in remote
settings without the expense of maintaining a ship on station for long
periods of time. The investigation of the temporal and spatial coherence
of aeolian inputs to the sea might be useful future outgrowths of this
line of research as well as to provide increased understanding of the real

"optical residence times" that Saharan and Gobi Desert dust have with

and
respect to light propagation through various regions of the ocean. Our
Sargasso Sea data indicate that Saharan dust particles smaller than about
5.0 um diameter have a residence time in the upper 30 m of more than two
weeks (8 weeks for 2.5 um particles). Since during the summer, Saharan
dust input events occur every 7 to l4 days, an optical signal may persist
in the upper layers for days after an aerosol cloud has passed by.
Whether or not this aeolian residue has a significant effect orn interpre-
tation of remotely sensed optical data or optical signal propagation
awaits future study.

Other  resalts-  apparent from the data of q§rder et al. (in
preparation) are as follows:

1. Aerosol size distributions and mineral types change

significantly with the phase of the aerosol clouds:

a. A disproportionately larger fraction of the particles are
heavy minerals and "giant" particles ( 10 Um diameter) in
the leading edge of the cloud than at the trailing edge.
Aeolian particles A;n excess of 60 um diameter were

observed.

b. Conversely, the trailing edge has a paucity of large, heavy

particles.




c. A far larger fraction in summer dust clouds are heavy
mineral particles than in winter, suggesting that the
summer source, which is considerably north of the winter
harmatan source, is a more titanium/hematite/goethite-rich

region.

IMAGE ANALYSIS SOFTWARE

The image analysis software developed in collaboration with Aztec
Computer Engineering for this contract is composed of nine subroutines.
The source code of each is listed in the Appendix. With this software the
analysis of the holographic image is now semi~automated. The computer
permits precise registration of the holograms, high resolution scanning of
the video images to measure the particle area and perimeter, calculation
of the particle fall distance between frames for velocity, and data base
management. These software modules are described below.

1. MAIN The main routine controls the flow of the other modules

through a menu, calculates particle settling velocity, and writes the data
onto floppy disks.

2. HELP This is a help routine which can be entered at various
places in the main routine to explain the program operation, operator
inputs, and computer responses.

3. FMOVE Frame move is a routine to control the hologram
positioning in three dimensions using the computer joystick and/or the
keyboard.

4., STAGE This is the interface subroutine that interprets the

output of the joystick and/or keyboard and moves the XYZ stage motors.




5. JSINP Joystick input is an interfacing subroutine which outputs
a digital number from the computer joystick to be used in control of the
XYZ stages or the video cursor.

6. PSCAN Particle scan is a routine that measures the area and
perimeter of a video image. This algorithm operates by looking for video
pixels of higher intensity than an operator selected threshold.

7. TVSCN Television scan is a subrcutine of PSCAN which allows the
operator to move the video cursor to the center of the video screen,
particle center, and particle extremes. After setting the extremes of the
particle, this routine sums up the area by counting all pixels greater
than the selected threshold and sums up the perimeter from the number of
the rows and columns of the scanned area.

8. TRACK This 1is the particle edge tracking routine which
automatically tracks around the edge of the video image. This algorithm
tests for an operator-selected video amplitude gradient that approximates
the particle edge conditionms.

9. TVTRK The television tracking routine is a subroutine of TRACK
which moves the video cursor around a circle at each XY position on the
particle edge. In moving around this circle, the video amplitude is
tested to see 1if two adjacent perimeter points on the circle have
difference in video amplitude which exceeds the selected gradient. If a
complete circle is made, or if the gradient is exceeded then the routine

returns the XY cocrdinates of the perimeter point to be used as the center

of the next scan.
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R
: MAIN FROGRAM FOR THE AZTEC HOLOGRAPHIC IMAGE ANALYSIS SYSTEM
B SEVISION 0.30, 5 SEP 1962
L
LOGICAL ESC,AST, ANS, CHG,FILEC {1 ), NAMECS ), DATE! 31, UORDSC 46 )
THTEGER RNAX, FHAX, FRAKE, FART, FR1, FRZ
INTEGER FRMC10),PRTC10)PXC10),PYC10),F2(10), SEX(10), SEY¢ £0)
TNTEGER SAREAC 10), SPERTK( 101, SWIDE( 107, 3TALLY 10)
INTEGER TAREA( 10 ), TPERINC 10), TLEN 107, T¥(10,100), T¥(10,100)
INTEGER HLPFX,FY,FZ,5X,5Y, 54, P, W, SH, T&, TP, TL, THC 1801, TH 100)
NINENSTON TIKE( 10
EXTERWAL HELF , FKOVE, PSCAN, TRACK
EXTERNAL JSINP, STAGE, TUSCH, TUTRK
) COMMON  ESC,AST,HLF, FX,FY,FZ,5X,5Y, 54, SF, W, SH, T4, TP, TL. 74, TH
¢ DISFLAY TITLE AND OVERVIEW SCREEN (HLF=1)
0 E3CsY
AGT=42
HLF=1
) CALL HELP
: INITIALIZE SUBROUTINE PARANETERS
(..
FX=0
Fis
F72)
=128
Sy=122
3A=0
1 SF=0
T4=0
$H=0
Tasd
TF=0
T
00109 11,100
TH 1)=0
105 CONT INUE
)
: SELECT TASK OF DISPLAY H,L,T,X SCREEN (HLP=2)

110 WRITE(L,1100) .
1190 FORWATC SELECT (L)DAD OR (TXEST: /)
READ(1,1110)ANS
110 FORKAT(1AL)
HLP=2
TFCANS.EQ.72)CALL HELP
IFCANS.ED.76)G0T0 200
IF( ANS,£0.84)507D 120
IFCANS .E2.88)50TO 190
GOT0 110

SELECT TASK OR DISPLAY H,F,P, 7, SCREEN (HLF=3)

20 WRITECL,1120)
1127 FORMATU’ SELECT (F OVE,(F)SCAN R (TIRACH: ')
FEANCL, 1110 )45

HLF=

[FCANS.EQ.72 CALL HELP
IFCANS.EQ.70 CALL FHOVE
IF(ANS.ED.B0CALL FSCAN
IFCANG.£0.84 CALL TRACK
[F(ANS.EQ.82)G0TD 179
GOT8 110

SELECT TASK OR DISPLAY H.0,E, 3.V, X SCREEN (HLF=4)

0 WRITECL1130) i
0 FORMATCY SELECT (DIISFLAY,(EWTER.(SIME CR (Y Eidl:
FEADCT, 1110 14NS

[F(ANS,EQ,72CALL HELP
[FCANS.ED, 68)60T0 400

[FCARS . E7,49)60T0 430

[F(ANS,ED,E3)50T0 800

[FCANS EQ,86)60T0 270

IFf ap3,E0,88)G070 190

G017 130

e Y

L abdE e X e X har)
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1190

LantY o W]

ﬂ’.‘{'\
210
123
1235
240
1240
250
1250
1260

260
1270

1273
1280

1290
1100

"~
~
=)

[ T Wi Wy |
>
=3

1110

SELECT TASK OR DISPLAY H,F,P,T,3,R,X GCREEN (HLP=5)
WRITE(1,1140)
READ(1,1110)ANS

HLP=3

IF(ANS.EQ.72)CALL HELP
IFCANS.E0.70 )CALL FHOVE
IF(ANS.EQ.B0 )CALL PSCAN
IF(ANS.ED.O4 )CALL TRACK
IFCANS.EQ.83)G0TD 700
IF(ANS.ED.673GOT0 130
IFCANS.E0.98)G0TD 199
GOTo 140

RESTART, EXIT OR CONTINUE

WRITE(1,1190)

£0RHAT(’ (RIESTART, (EXXIT, OF (CIGNTINUES
EAD(1, 1110)ANS

HLP=t

IFCANS.EQ,72CALL HELP

IFCANS,ED.67)GOT0 130

IF(ANS,.E2,82)60T0 190

IF(ANS.EQ.49)G0T0 1000

6070 130

ENTER FILENANE

WRITE(1,1200)

FORMAT( '+ENTER FILENAHE: ° )

FEAD(1, 1210 XFILES )3, J=1, 110

FORNAT( 1141}

WRITE(1,1220)

FORMATC “+ENTER (DLD OR (HOEW FILE: "}
READC1, 1110)ANS

IFCANS,EQ.79)60TO 280
IFCANS.EQ.78)GBTC 229

GO 210

SETUF HEADER FOR NEW FILEZ CF CHANGE OLD KEADER

CHG=0
RMAX=0
FHAX=0
WRITE(1,1230)
FORMAT( " +ENTER NANE: )
READ(1, 1235 )( NAKE( J), J=1,8)
FORMAT( A1 )
IF(CHG.EQ.1GOTD 400
WRITE(1,1240)
FORMAT( “ +ENTER DATE: )
READ( 1, 1275 )X DATE( 1), J=1,8)
IF(CHG.EQ,1)5070 400
WRITE(1, 1350)
FORMAT( " +ENTER COMMENTS: '
READ( 1, 1260 X WORDS( 1), /=1, 46)
FORKAT( 44A1)
IF(CHG.EQ. 1)COTD 400
WRITE(1,1270)
FORMAT( +ENTER FNAX: /)
READ( 1, 1275 JFHAX
FORMAT( 18)
WRITE(1,1280)
FORMATC’ FRAME  TIME'/)
D0 270 I=1,FHAX

WRITEC1, 120001

ROSHRL 1300 Thuther
FORMATF3.3)

CONTINUE
GOTO 130

READ QLD DATA FROM DICEK

CALL OPENCA,FILE, L1}

READC 8, 1310 FRAX, FHAX, { HAREC L), J=1, B0, CDATEC oy, U1, 30,
(WORDS( J), J=1,46)

FORMAT( 218, 2(BA1), 4641}

FORMATC  SELECT (F YMOVE, (P }SCAM, ( TRACK, ( S)TORE, (€ )ORTINUE:

)




310

1120
320

330

422
1424
424

428
143)

[z XerTor]

430
1440

LRK
440
r

450
1440

450
1a7d
A0

IFCFYAX)370, 370, 310
D0 320 I=1,FHAX
READC 6, 1320)TINECI)
FORMAT(F8.3)
CONTINUE
IF(C RHAX)370, 370, 130
DO 350 151, RHAX o
READ( 6, 1330 FRMCT ), PRTCT 1LPXCI ), PECILFIOIY,
SAREAC T ), SPERTN( I ), SEX(T), ZEYC 1), SWITEC D), STALL( D),
TAREACT ), TPERTH( 1), TLEM T)
FORNAT( 1418)
LEN=TLENCT )
TFCLEN 1360, 360, 340
00 350 Je1,LE
READ( 6, 1340)TX(1, 42, TY(1, 4}
FORMAT( 218)
CONT INUE
CONTINUE
ENDFILE 6
GOTD 130

DISFLAY FILE HEADER AND CHANGE AS FEQUIRED

WRITE( 1, 1400 YESC, AST, (FILECJ), J=1, 1), ( NANEC 1), J=1,5),
(DATECJY, J=1,8), RMAX, FRAK, (WORDS( U3, J=1, 461
FORMATC1X, 21/ FILEAAME: ‘,11AL,’ MAHE: *,3A1, DATE: *,2A1/
CRNAX: ‘18, FMAX: /, 18/ CORMENTS: -, 4cal
* FRAME | TINE')
TF( FHAY 1420, 420, 405
D0 410 I=1,FNAX
WRITE(1, 14101, TIMEC T}
FORKAT( 14, 4X,F3.3)
CONTINUE
WRITE( L, 1470)
FORMAT( © CHANGE (N AJE,( [ OATE, (L IONRENTS GR (F :RAME TIRE® /)
%5%331.1110)AN9

HLP=7

IFCANS.ER.72 CALL HELF
IFCANS.EQ.79360T0 210
IFCANS.E0.£8G0T0 249
IFCANS.ER. 576070 250
IF(ANS.£0.70)60T0 422

GOTD 430

WRITE(1,1424)

FORMAT( +ENTER FRAME NO: ")
READ(1, 127511
IFCI-FRHAX)428, 428, 426
FHAX=FHAX+]

TIMECT)=0

WRITE(1, 1430)TIHECT)
FORMATC ‘+0LD FRAME TINE: ',F8.1/7 ENTER NEW FRAME TINE: )
READ(1, 1300)TIME(D)

GOTO 400

ENTER FRAME AND PARTICLE FOR DISPLAY

WRITE(1,1440) _ _
FORMAT( +ENTER FRAME NUMBER OR (CR) FOR ALL FRANES: ©)
READ(1, 1275 ) IFRH

WRITE(L, 1450)

FORNAT( * +#ENTER FAKTICLE MUNEER OR (CP) FOR ALL PARTICLES: ©
READ( 1, 1275 IFRT

IF(IFRH)A32, 449, 432

IFCIFRT 540, 510, 540

IFC IPRT 1480, 450, 480

DISFLAY ALL DATA IN FILE BY FRANE AND PARTICLE

WRITE( 1, 1460 )ESC, AST, (FILECT), J=1,11)
FORMATC1X, 281/ FILENAME “y11at/

" ---FRAME-PARTCLE--X-AXI5--Y AY]S--2 AXIS’,
‘---SAREA- - SPERIH---SWIBE---STALL

) 470 I=1,FNAX

WRITECL, 1470 FRRC DO FRTCTY PLCD, PIOT L, FICTY,

SAREA 1), SPERIN 1), SWI0E 10, 2TaLli 1)
FORMATI 130
£ONTINUE

6010 130




—

c DISPLAY PARTICLE DATA BY FPAME

c
480 WRITE(1, 1480 )ESC, AST, (FILECJ), J=1, 11 ), IPRT
1380 FURHAT(XXE°A1/' FILERAME: ,llAl” rakTICLE: 7,18/

; { * ---FRAME--X AXIS--Y AXIS-7 AXIS’,
i 2 7=e--GCNX----SCNY---SAREA-~SPERTN--- SWIDE-—-CTALL /!
00 500 I=1,RHAX
IFCPRT( I)-IFRTIS00, 450, 500
490 WRITE( 1, 1490 FRMC 1), PXC D), FYCT), PZCT S,
o b SENDSEY sev<x) SAREA( ), SPERIM(I), EWIDE(I), STALL(D)
39
500 conrxnus
. 5OTO 130
{ g DISPLAY FRAME DATA BY PARTICLE

510 WRITE(1, 1500 ESC,AST, (FILEL ), J=L, 1), IFRH
1500 FORATCiX,2aL/* FILENAME: *,11A1" FRAdE:
*-FARTCLE--X AXIS--Y AXI3-- AKIS",
---SAREA-—SPERIn-——quInE---srALL---rAnEa--rrrafﬁ
| D0 530 I=1,RHAX
| IF(FRM( T)-IFRNIS30, 520, 530
| S0 WRITECL, 490 )RTCL), FYC T EYCI) P2,
1 SAREA(I),SPERTM(I), EWIDE(D), STalLCT ),
2 TAREACD), TRERTH(I)
530 CONTIME
5010 130

DISPLAY EDGE DATA FOR SELECTED PARTICLE AHD FRAME

40 DO 560 I=1,RMAX
| IFCFRMC D)~ IFRN 560,550, 550

[

| 93 IFCPRYC I )-IPRT 1360, 570, 540
560 CONTINUE
G010 130

70 WRITE(1, 1510 JESC,AST,(FILE J),d=1,11),
1 IFRN, IPRT, I, TAREACT ), TRERTNC 1D, TLENC TS
1510 FORMAT(1¥,2A1/
1 FILENAME: 1141/ FRANE: 18/ PARTICLE: ‘,18/
2/ RECORD: ‘,IB/’ TAREA: .xs' TPERTA: ¢, 1847 TLEi 7,1
3 -SROINT-2X ax:s—-v AXIE)
LEN=TLEN(T)
IF(LEN)&SO 130,580

1 530 DO 590 J=1, LEN
VRTTECT. 152004, TXCT, D, TYCT, )
152 FORKAT( 318)
550 CONTINUE
. 6070 130
¢ ENTER FRAME AND PARTICLE IDENTIFICATION

£00  WRITE(1,1400)
1600  FORMATC'+ENTER FRANE NO: ©)
READ 1, 1275 )FRANE
IF(FRAKE 1600, 600, 610
510 IFCFRAKE-91630, 420, £00
520 WRITE(1,1510)
1610 FORMAT(’+ENTER PARTICLE ND: /)
READ(1, 1275 JFART
IF(PART 1420, 620, 630
8§30 IF(PART-9)640, 640, 420
540 DO 450 I=1,RMAX
IF(F Rn(rv-rsnnc)A 545, 550
645 TFPRT( T )-PART 1450, 460, 450
45 CONTINUE

? RESET FRAME AND FARTICLE [AT# TO ZEFQ

Y=
b=
Sx=128
SY=129
SA=0
SF=0
SW=0
SH=0
TA=)
TP=0
TL=0

8/




L XS N ]

719

730

7&0

750

Db 635 J=1,100
TH(J =0

TH(J)=0
CONTINUE
GOTO 140

RESET TO RECORD DATA

FX=PX(])
FY=PY{1)
FZ=P2I)
SX=8EX(I}
5Y=8Ei( 1)
SA=SAREACT)
SP=SPERIN(I)
SM=SWIDE( )
SH=STALL(I)
TA=TAREA( )
TP=TPERIN(I)
TL=TLENCT)
IFCTL 445,670, $65
D0 070 J=1,TL
TW=TX(T, 3}
TH( J)=TY(T, )}
CONTINUE
GOTG 140

SET RECORD DATA FOR SELECTED FFAME sND PARTICLE

IF(RWAX 730,730,710

00 730 I=1,RHAX
IFCFRMC 1)-FRAKE 1730, 720, 73
IF(PRTCI )-PART 730, 740, 710
CONTINUE

REAX=RRAX+

I=Rax

FRHCT J=FRANE

FRTCT)=PART

PX(T )=FX

FYCT =FY

FI(T)=FZ

SEX(I)=9X

SEY(I)=5Y

SAREACT )=54

SPERIMCL =8P

SWIDECT }=54

STALL(I Y=SH

TAREA(T )=TA

TFERIMCI )=TP

TLENCI)=TL

IF(TL 1750, 74¢, 730

19 760 J=1,TL
T, J)=Tu0 )
(T, 1)=TH(J)
CONTINUE

GOTO 130

SAVE DATA ON DISK

CALL OPEN(,FILE, 1)
WRTTE(, 1810 RHAK, FHAY, ( NAMECJ), J=1,€ ), (DATEC J3, J=1,8 5,
(WORDS( 1), =1, 46 )
FORMAT( 1%, 218, 2841 ), 46A1)
IFCFHAX )840, 840, 810
00 820 I=1, FHAX
WRITE( 6, 1820 TINE(T)
FORMAT( 1X,F6,3)
CONTINUE
IF(RMAX )840, 850, 830
D0 840 1=1, kMAX
WRITE( &, 1830 JFRMC T ), FRTCT ), FXCL A FYCIY, FIOD),
SAREAC 1), SPERTM( 1), SEXC T),EY( 1Y, SWIDEC ), STALL(T Y,
TAREA( 1), TPERTH( ), TLEN(T)
FORMAT 1X, 1418)
LEN=TLEN(T)
IF(LEN 1860, 860, 840
00 850 J=1,LEN
WRTTE? &, 1840)TX 1, 03, TV I, )
FORMAT(1%,218)
CONTINUE




g .
1

R RO A

\
CONTINUE
ENDFILE &
GOTO 110

COMPUTE DRIFT VELOCITY FOR SELECTED PARTICLES AND FRANES

900 WRITE(1,1900 )ESC, AST
1900  FORMAT(1X, 21
1 DRIFT vELOciTy Amp Avcms PARTICLE SIZE CONPUTATION‘/
2 ¢ ENTER FIRST FRAME:
READ( 1, 1910 )FR1
1910 FORMAT(I8)

20)
1920 FORMAT('+ENTER SECOND FRAHE:
READ( 1, 1910)FR?
DT=TINECFR2)-TINE(FRI)
WRITE( 1, 1930)07 ,
1930 FORMAT(’sTINE DIFFERENCE: *,FS.1
" PARTICLE---X VEL---Y VEL---% VL',
‘=== -AREA==-FERTH---WIDTH--HEIGHT 1
IF(DT)902, 120,302
M2 IFCRMAX 130, 130, 705
95 DO 950 I=1,RHAX
IF(FRM(T )-FR1 1950, 910, 50

O

ro

°10 D0 940 J=1,RNAX

IF(FRM(J)-FR2)940, T20, 940
°20 IFCPRTE I)-FRT(J))940, 739, 940
210 DX=PX( J -PX(])

DY=PY(CD)-FY( 1)

DZ=FZ( 1-PZ( 1}

XVEL=DX/DT

YVEL=0Y/DT

VEL=DZ/DT

AREA=( SAREA(T M+SAREA( 1))/2

PERIM=( SPERINC T )+SFERIN(J )/

UIDTH=(SUIDE(I?+SuIDE(J\\/2

HEIGHT=(STALL(I)+ST~LL'J ~

WRITE(1, 1940 )PRTCI, SVEL, r”' CVEL,
1 AREA, PEPIH WIDTH, HEIFHT

1940 FDPHAT(IX IS 7F8.3)

740 CONTINUE

950 CONTINUE

¢ 6070 130

E EXIT FROM FROGRAM AND RETURN TO SYSTEM
{

000 CONTINUE
END
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SUBPROGRAM TO HELP DPERATOR USE THIS SYSTEM BY DISPLAVING
ADDITIONAL INFORMATION AND INSTRUCTIONS OM THE CRT WHE
CALL (D FROM DIFFERENT FARTS OF THE FROGRAM

FEVIL1ON 0.12, 28 AUG 1982

SUBROUT INE HELP

LOGICAL ESC,AST
INTEGER HLP
COMMON ESC,AST, HLP

WRITE({, 1000 }ESC,AST

FORMAT( 1X ’Al "ADDITIONAL I:FORRATION AND INSTRUCTIONS'/)
6010(100,.00,300,400,500,600.700,300),HLF

OVERVIEW SCREEN

WRITE( 1. 1010 JESC,AST

FORMAT(1X, 2AL/

R ety HOLOGRAFHIC IHﬁCE aNALY~I° GG T mm e /
! written by’

! AZTEC COMPUTEFR ENFINEEFL”G"

‘ St, Petershury, fiarnda’.

‘ 28 AlcusT 1925""

’

WRITE(L,1020)
FURHAI(' THE PROGRAM WILL FERFORM THE FOLLOWING FURCTIDHS::
« (H)ELP DISPLAYS MORE DETAIL AT ANY STEF IN THE FROGAAA /
« (L)DADBS EXISTING DATA FROW DISK TO HEADRY'/
. (DDISPLAY PRINTS DATA BASE BY FRANME OR PARTICLE ON CRT’.
o (EINTER ADDS NEW DATA R CHANGES GLD DATA It nERORY'S
. (S)AVE WRITES CONPLETE DATA RASE FROH HEMORY T0 DIQA"
. (F)RAME MOVES STAGE TO ReFCRziCE OR FARTICLE POSITION"Y
« (F)ARTICLE SCANS INAGE Y0 FIND FARTICLE SIZE '~
7o (TORACK TRACES IMAGE TO FIND FERTICLE ZIZE ~uD) E[CE
8. (V)ELQCITY CONPUTES DRIFT VALUES FOR VLL:L!LD FARTIELE:
PE}O. ECX)IT LEAVES PROGRAM AMD RETURNS TQ CFERATING SY3Tad o
ETURN

LOAD AND TEST SCREEN

WRITE(1, 1200 )ESC, AST

FDFKAT(l‘ AL/

THE FOLLOWING FUNCTIONS MAY BE INVONED AT THIS LEVEL:’//

1, (H)ELF DISPLAYS THIS SCREEN‘//

2. (LIOAD READS NEW LATA FROW DISK OVER OLD DATA IN MEMORY /.
. T‘EbT ENABLES THE STAGE, TVSCAN AND TUTRACK FUNCTICHS /

70 BE TESTED BEFORE ANY DISK FILES ARE LOADED IH WEHORY
§, E(X)IT RETURNS 0PEEATIU§EJ9ICUQS"’
l i 7
SAVE OLD DATA BEFURE LOADING NEW Dala GR'/
EXITING TO OFERATING SYSTEW'! //}

st amm————— 0

'\lO\(ﬁ&u""

:
:
‘
’
’
’
;

RETURN
FRAKE, SCAN AND TRACK SCREEN

WRITE(1,1300 )ESC, AST

FURHAT(IX 2A1/

! THE FOLLOWING FUNCTIONS WAY BE TESTED a7 THIS LEVEL:’

! . (F )RAKE ENABLES XYZ STAGE TO BE TESTED WITH JUISTICn

* 2. (P)ARTICLE ENABLES IMAGE TO EE SCAMMNED WITH TV CURSOR”/
! aﬁﬂ(T)RACK ENABLES PARTICLE EDGE TO zZ TRACED BY FROGRAM'//)

DISPLAY, ENTER, SAVE AND VELOCITY SCREEM

ERITE(I{%402);°C yAST

 THE FOLLOUING FUMCTIONS MAY BE IMVOKED AT THIS LEVEL:’

1, (D)ISPLAY PRINTS FOSITIONAL DATH R/ FRAME OR FnFIlLLf /

! AND EDGE [ATA WHEN BOTH FRANE AMD FAFTICLE ARE EHTERED '/

© 2. (ENTER ENABLES FRAME AND FARTICLE [ATA FROM XYZ 3TWGE,

! TV SCAN ANG TRACK FUNCTICNS TO EE ILENTIFIED AND STCRED

£ 3, (S)AVE WRITES ALL DATA IM HERORY 7D DISK LHBER FILEmAnE'/

gETGéN(U)ELOCITY COMFUUTES DRIFT VALUES FOR SZLECTED FARTICLE:

FRAME, SCAN, TRACK, SET AND RESET ZCREEM
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WRITE(1 ISOO)ESC AST

Fo¥ngr(ix

’ FOLLOUING FUNCTIONS MAY BE INVOKED AT THIS LEVEL:’//

1L (F RAWE ENABLES FARTICLE FOSITION 10 B TETERRIRED BY*/

HOVING FRAME WITH THE XYZ STAGE UNDER JOYSTICK CONTROL'//

* 2. (P)ARTICLE ENABLES PARTICLE SIZE 10 BE DETERHINED EY'/
SCANNING TV CURSOR OVER INAGE UMDER JOYSTICk CONTROL’//

* 3. (TIRACK ENABLES THE EDGE 10 B¢ DCTESKINED EY FOLLOWING'/
THE PERINETER USING THE JOYSTICK FOR lnernL CCHTROL" 7/

* 4, (S)ET TEMPORARILY SAVES THESE UALUES FOR SILECTED FReME'/

* " AND PARTICLE'//

'513§N<n)zssr RESTORES 70 ORIGINAL FRANE AND PARTICLE VALUZS . )

ENTER, NEXT OR SANE SCREEN

WRITE(1, 1600 JESC, AST

FORMAT( 1X, 2A1/

*"THE FOLLOWING FUNCTID‘!q HAY BE INUDhEB AT THIS LEVEL://

* (EIMTER EMABLES A SPECIFIC TICLE T0 BE wELtC e/
“ (NDEXT SELECTS THo NEYT FRAHE OF PﬁFTICLE IN SUCCESSION’//
éE%ng"E ENABLES THE SAhE FRAME OF FARTICLE 7O BE REFEATED’//)

NAME, DATE AND COMMENTS SCREEN

WRITE( 1, 1700 )ESC, AST
FORHAT(lxg“Al/’ HOTES N ENTERING NAKE, DaTE 4D LLOMEHTS: )/

ANY EXISTING DATA MOT FFOPERL{ SAVED WILL EBE DESTROIED!V'/
* FILE NAKES CAN EE A STRING A3 CREAT AS & CHARACTEAS sUT RUST'/
* START WITH A LETTER, YOUR NAHL AND DATE CAN BE S GREAT'.
‘ AS B HIXED CHARACTERS HgIéEngivgﬂjs Chil EE 45 GREAT a3 30, .
‘ SAVE OLD DATA BEFORE CREATING MEW FILEZ!i!')
RETURN
RETURN
END
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FHOVE SUBROUTINE T0
REVISION 0.2¢, 3 APRH?gE STAGE IN XYZ AXIS

A. MOVE STAGE TO (F)RANE REFERENCE (WOVE X,Y,2 10 9,9,0)
=. NOVE STAGE TO (P)ARTICLE FOSITION (HOVE X,Y.I T0 FX.FY,FI)
. ENTER CDHHQNDS FROM (J)OYSTICh
« NOVE STAGE IN D f A¥IS
HOVE STAGE IN K AN 7 AXIS
i. bETUQSRTICLE FDbITION AND RETURM
[, ENTER COMMANDS FROM (¥ )EYBOARD
L. INPUT (X),(Y),(Z) AXIS
« (RIESET FRaMe’ REFERENCE (RESET X,Y.I T0 0,0,()
3. %%%BLNPARTICLE POSITION (SET FX,FY,FI T0 X.7,2)

4.
£. RETURN
SUBROUTINE FMOVE

LOGICAL ESC,AST,ANS

INTEGER XYZM,XOUT,YOUT, ZQUT, KJS, JSK, JSX, J5Y, JS2

INTEGER HLP, FX FY, F:'SX.JYqu'uF 5W, SH, TA, TP, TL, TWCLG0), THE 100
EXTERNAL JSINP,STHGE

CONMON  ESC, AST, HLP,FX,FY,FZ,5X,5Y, SA, SF, 24, SH, TA, TF, TL, TW, TH

ENTRY FOINT

XYZN=0)

CALL TUSCM(XYZN)
X0uT=0

YoUT=0

20UT=0

JEK=0

J5X=0

J5Y=0

KJ5=0

SELECT MODE FOR MOVING STAGE

WRITE(1,1100)
FORMAT( +MOVE TO (F )RAME REFERENCE, (P ARTICLE POSITION,',
“(JHOYSTICK OF (K)EYEOARD EWTRY: )

READ(1 1110)aus

FORMATL 14

HLF=11

IF(ANS.EQ.72)CALL HELP

IF(ANS.E0.70)G0TO 200

IF(ANS.E0.80 GOT) 100

IF(ANS.E0.74GOTO 400

IF(ANS.EQ.75)G0T0 500

GOTO 400

MOVE STAGE TD FRAME REFERENCE

XYZH=1

X0UT=0

YOUT=0

100T=0

CALL STAGECKYZH, YOUT, YOUT)

WRITE! 1,120

FORNAT( JOVE STACE T0 FRANE REFERENCE )
GOT0 100

MOVE STAGE TG PARTICLE FOSITION
XYIM¥=1

XQUT=FX

YOUT=FY

I0UT=F1

CALL STAGE(XYZH X0UT, YOUT»
WRITE(1,1300)

FORMAT | $HOVE STAGE TO PARTICLE FOSITION'®
GOTo 100

ENTER COMMANDS WITH JOYSTIC
JRITECT, 1490 ESC, AST

FORMAT( 1, 261,
' =-o=oc JOYSTICK XY2 MODES -----v-n===n===== g

'J

! 1. MOVE STAGE RIGHT (X) OR UF (YY)




$10
1410
420

440
450

4 A

LA™

1300

C
510
1510
1520
520
1530
330
1540
340

c
20

950

D)
600

: 2. MOVE STAGE RICHT (X) OR FORWARD (1)'/
‘ 3+ ST FOSITION
© &c CONTINE'/

===-HODE ==~~~ JSK-~~-= J8Y === §T----YOUT----YOUT----20UT "/}

WRITE(1, 1410)hJS J5X, JSY, 452, YOUT, YOUT, 2007
FORMAT( '+, 718

CALL JSINP(J“K JSX, JSY)

IF(JSK)430, 430, 420

TF( JSK-9 1440, 400, 400

IF(KJS)410.410 150

=J
GDTO(460 470, 470, 540, 560, 560, 360, 100 ), K IS
X AND Y AXIS

XYIN=1

XQuT=X0UT+JSX/10
YOUT=YQUT+JSY/10

CALL STAGE(XYZN, XOUT, YOUT)
GOTO 410

X AND Z AXIS
XYZH=1

J52=J8Y
X0UT=X0UT+J5%/10
Z0UT=Z0UT+JSZ/10

CALL STAGE(XYZH, XOUT,YOUT)
GOT0 410

ENTER CCMMANDS FROM REYZOARD

XYZH=1

WRITE(1,1500)

FORMATC +ENTER (X), (.J (Z} VALUES,(R)ESET REFERENCE OR’,
‘(S)ET POSITION: -
RE%B&I +1110)ANS
IFCANS.EG.72)CALL HELP
IF(ANS.£0.88)G0T0 510
IF(ANS,.EQ.69)GOTO 520
IF(ANS.£0.90)60TD 530
IF(ANS.ED.82)GOT) 554
IF(ANS.EQ.83)60T0 540
Go70 100

WRITE(1,1510)
FORMAT( "X VALUE: )
READ( 1, 1520)X0UT
FORMAT( 18)

GOTD 540
WRITE(1,1530)
FORNAT( 7 +Y VALUE: *)
READ( 1, 1520 YOUT
GOTO 540

WRITE(1,1540)

FORMAT( / +z vaLuz: "
READ( 1, 1570 120U

CALL szcE(xvzn.\our YOUT)
£OT0 500

XYZN=0
CALL STAGE(XYZN)
GOTO 500

FX=X0UT
FY=YOUT
FZ=20UT
GOTO 100

CONTINUE
RETURN
END
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STAGE:

Ures

TART:

AXIS:

LOOF:

-

Bureyr:

STAGE SUBROUTINE

REVISION 0.20, 27 JULY 1982
THIS ROUTINE MOVES THE XYZ STAGE TD THE DESIGMATED

FOSITION AND RETURNS.

STAGE( XYZNCHL3, XQUTCLED, YOUTCBCT ), ZOUTCEC+2]

ENTRY  STAGE
Lp A, (HL)
A A, 0

P NILSTART
A0
T (Bam),a

FUSH  BC
POP HL
INC HL
INC HL
PUSH  HL
PUSH  BC
PUSH  DE
LD A, 208

LD (ACODE ), A
A3
LD (ACOUNT), &
A5
LD (brounT),A
9

LD E (HL)

NG
LD D, (IX)
me Ik

SEC  HL,DE
N P, NEG
abp H,DE
LD 8,0

JF pbS

LD B,3

£X DE, HL
SEC  HL,IE
YR A

ok A

LD £, (1X)
me i

LD D, (IX)
w1k

M A

SBC  HL,DE
JP P, LOOP
i A

ADC  HL,DE
DEC A
I
ADD

ouT (§4n)

LD 2,(ucbunr)
F 1,0UTPUT

LD (DCOUNT), A
B
B B

LD A, (ACOTE )
UT  (B4H),A
ADD A, 10H

LD (HCODE ), A

$GET FLAG
'CHECK ZERD FLAG
,STARI YFER IF FLAG Ok
+RESET A FEG
'AND OUTPUT

sRETURN

sGET Y AXIS ADGRESS
14ND FUT IT IN HL REG
+ INCREMENT ONCE
$INICE
$SAVE 7 AXIS ABDRESS
$SAVE Y AXIC ADIRESS
ISAVE X AXIS AODRESS
,INIT AXIC cone
SAND
]
;INIT AXIS COUNT
1AND SAVE

.INIT DICIT COUNT

INIT DIbIT CODE
IRECALL AXIS ADIRESS
,GET AXIS VALUE (Low BYTE?

$(HIGH BYTE)

NOUE VALUE TO HL

,INIT IECADE ADDRESS

+LOAD HIGHEST DECADE (LQW BYTE)

s(HIGH BYTE)

$SUETRACT HIGHEST LECARE FROH USLUE
,JUHP IF VALUE 15 NEGATIVE

+ADD BACK HIGHEST DECADE

'LDAD POSITIVE FLAG

;UGLUE IS FOSITIVE

sLOAD NEGATIVE FLAG INTO B RES
s EXCHANGE KeGS

COHPLEHENT YaLUE

EEEET OUTFUT wORD 10 ZERD
,LOAD NEXT DECADE (LCW BYTE?

s (HIGH EYTE)

s INCREMENT DIGIT VALUE

$SUBTRACT NEXT DECADE FROM VALUE
00 AGAIN TF STILL FGSITINE
'CLEAR CARRY

'TDU HUCH, ADD IT EACK

sADD SIGN TO OQUTFUT WORD

,ADD DIGIT CODE TO OQUTFUT WORD
;s OUTPUT

'GET DIGIT FOUNT

'ﬁND DECREMENT
F0UTFUT ALIS COLE IF DOME

$SAVE DIGIT COUNT
RESET SIGM FLAG TD IERD

sBRGeDIGIT CODE
At

;LOAD AX1S COLE
'OUTFUT

'INC AXI5 CODE
'AND SALE




e

A, (ACOUNT) $GET AXIS COUNT
) ;OEC IT

(ACOUNT), A $AND ShVE IT
NZ, AXIS 3 IF BOT ZcRO DO AGAIN

: STORAGE AREA

becape: ow 8000H, 10000, 1000, 100, 10, 1
ACODE: DS 2

ACOUNT: DS
DCOUNT: DS

4

rarJt

END
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PSCAN SUBROUTINE TO INPUT PARTICLE SCAN [ATA
REVISION 0.28, 7 APR 1982

SUBROUTINE FSCAN

LOGICAL ESC,AST, ANSWER

INTESER KIS, JSK, JSX, JSY, THRESH, VITED

INTEGER XQUT, vobT,LOUT, TouT, IfF, AINP, FINP

INTEGER HLP,FX,FY)FZ, Sk S¥, A, CF, S, H, T4, TF, TL, TWC 100), TH 160)
CONHON  ESC, aST, HP, FX, PY, FZ, £X, 51, &4, 3¢, Sii, &H, T4, TP, TL, TH, TH

ZERQ CURSOR OM TV MONITOR

JoK=0
JSX=0
JSY=0
KJS=0
LR=0
IPRINT=0
MR=10
NR=10
SX=123
SY=124
SW=1
SH=1
X0UT=128
YOUT=128
LOUT=130
TOUT=0
VINP=0
AINP=0
PINP=0
VIIED=0
THRESH=0
CALL TUSCN(TOUT)

DISPLAY JOYSTICI SELECTIONS

WRITE(1 IOOO)ESC.nST
FORKAT( 1,2
-------- JOYSTICh PARTICLE SCAM MOLES -------n-="/

’ 2 RggE EH§”3§ ¥6TEfo{ {;LS FMRTICLE -

‘ CENTER OF CURSOR SCAM

: 4 WERWMMMUHHMGMW”

¢~ JSHODE--X CNTR--Y CNTR-~--WIDTH--FEIGHT---\IF£0)

FIND PARTICLE CENTER, SIZE AND SHAFE

KJ5=5

CALL J"INP(JSK JSX, JSY)
IF(JSK120,20,3

IF(KJS)lO 10, 50

IF( JSK~ 9)40 900, 900
KJS=JSK

LR=0

GOTO( 100, 200, 200, 300, 700, 300, 300, 4003, KIS
HOVE CURSOR WITH JOYSTICK
IF(LR)110,110,120

X0UT=6X

YRUT =6Y

XOUT=XQUT +JSX/MR
YOUT=YOUT-JSY/HR

ngT =YQUT+1

C\,’AlﬁL T'JSCN( XauT,VINe )
Goto 700

FIND PARTICLE SCAN SIZE

SW=SW+JSY/NR
IF(<W)210, 210,220
SH=1

SH=5H+JSY /M
IF(SH)230, 230, 240

~




20 Sh=1

240 X0UT=5X-SW
YOUT=5Y-SH
LOUT=SY+SH
T0UT=1
CALL TVSCN(XOUT, VINP)
X0UT=5X
CALL TUSCN‘XOb JVINF)
XOUT=5X+5|
CaLL TUSCN(XOUT,VINP)
GOTO 700

FIND PARTICLE SCAN CENTER

00 SX=5X+JSX/NR
SY=5Y-JSY/MR
YOUT=SY-SH
LOUT=5Y+SH
T04T=1
XOUT=8X-Sw
gﬁb% TVUSCNCXOUT, VINP)

CALL TUSCN(XDUT YINF)
(0UT=5X+3W

CALL TUSCN(XOUT, VINP?
GOTO 700

ENTER COMMANDS WITH KEYEQARD

800 WRITE(1,1400)
1400 FORMAT(IX,
----------- KEYBOART COMMAMDS -=---------"/

1. ENTER THRESHOLL aND SCat 1nn‘e"
2. REPEAT SCAN WITH SAME THRESHOLD'.
3. JOYSTICK CONTROL MITH LISFLar -
4. JOYSTICK CONTROL WITHOUT DISPLAY:/

: 5. SET VALUES AND AETURR')
WRITE(1,1410)

1410 FORWATC LY, ENTER SELECTION: '
READ( 1, 1420)IGEL

1420 FORMATII4)
KJ5=0
RS20
TF( TSEL 1400, 400, 410

410 IFCISEL-4 3470, 420, 400

420 GOTO(500, 550, 600,550, 700), I3EL

C ENTER THRESHOLD

S00  WRITE(1,1500)
1500 FORMATC ENTER THRESHOLD:
READ 1, 1420 )THRESH

TF(THRESH 1500, 500, 510
S10  IFCTHRESH-255)800, 800, 500
S0 IFTHRESH S, S, 800

03 I

I

O~ A i D =

E SET/RESET PRINT FLAG
506 IPRINT=0
c GOT0 5
650 IPRINT=1
) 6070 §
C PRINT FARAMETERS IF FLAG IS SET
C
i 700 IFCIFRINT)710,710,10

710 WRITE( 1, 1710)hJS,uA,SY,SJ SH,VIDED
1710 FORMAT('+

720 89@?{?;@)10 770 10

T0UT=0
CALL TUSCH(XOUT)

i GOT0 10
750 uwxrstx 1750)
1750 FORMAT iy,
! -na MODE---X CTR-=-Y CTR----AREA---FERTH--THRESH /)




' NRITE(1, 1760 JISEL, SX,5Y, SA, SF, THRESH

]

1760 FORMAT(4IZ)
¢ GOTG 400
g SCAN PARTICLE FOR SIZE AND SHAPE
800 X0UT=Sx-Sn
YOUT=5Y-SH
LOYT=5Y+SH
XLIN=0X+54
TOUT=THRESH
SA=0
SP=0
LASTA=D
810 CALL TUSCM( XOUT, VINR)
SA=GA+( AINPRD.79)
SP=SP+PINP+( TARS( LASTA-AINP %0,79)
LASTA=AINP
220 X0UT=X0UT+1
IF( XOUT-AL1)810,810,82
330 KJS5=0
¢ GOTO 750
C RETURN TO CALLING FROGRAM
C
900 CONTINUE
RETURN
END
A,
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TRACK.FOR SUBFROGRAN
REVISION 0.34, 7 FER €3

THIS PROGRAN PROVIDES FOR AUTO TRACKING A VIDEQ IHAGE,
SAVING THE EDGE COORDINATES OF THE VIDED INAGE,
COMPUTING THE PERIMETER AND AREA OF THE INAGE AND
DISPLAYING YHE PROCESSED PERIMETER ON TOF OF THE IMAGE.

SUBROUTINE TRACK

LOGICAL ESC,AST

INTEGER JSK, JSX, JSY

INTEGER XQUT, YOUT,LOUT, TOUT, VINP, AINF, FINP
INTEGER SCAMP, SCART, START, b, bW bnknx(a4) BYC54)
INTEGER NSCAN, TOLER; POINT, xstan{32), vscan(32)
INTEGER AREA, PERTH, PTSITE, VIBED
Immmﬁuﬁwmmmmwwwmumwmmm
coMnON  ESC) AsT, kL, Fx, FY, F2,5%, bV, 5a, b, 54, B0, Ta, TF,TL, W, TH

DISPLAY JOYSTICK SELECTIONS

WRITE(1,11)
FORMAT( ‘ ENTER FY/FX: /)
REAI £, 12)FH
FORKAT(FB.3)
KJ5=1

JoKk=0

J8X=0

JSy=0
X0UT=128
YouT=128
VIDEQ=0

TL=0
PTSIZE=TL

WRITE(1, 1000 )ESC, AST
FORMATC 1, 241, _

a8 JOYSTICK CONTROL HOBES-=----=-=-=~- “
' 1. NOVE CURSOR TO SCREEN CENTER'/

‘ 3. MOVE CURSOR TO FARTICLE ELGE:"

: 3. AUTO TRACK AROUND FARTICLE EDGE’/

' 4. DISPLAY DIGITIZED EDGE OVER FARTICLE /

' 3+4. RKETURN TO OPERATING SYSTEM'/ ‘
! - POSN--Y POSN---YIDED--FTSIZE-—--AREA---FERTR’ /)
60T0 100

WRITE( 1, 1010 )XOUT, YOUT, VIDEQ, FTSIZE, AREA, FER I
FORMAT( "+, 618)

CALL JSINPC JSK, JEX, JSY )

1F (5K 150,50, 40

IF(K.J5 140, 40, 80

TF(JSK-9)70, 500, 500

KJS=JSK

GOTO( 100, 200, 200, 300, 300, 200, 30, 400),hJS

IERD CURSOR ON SCREENM

X0UuT=128
YouT=128
LOUT={30
TOUT=0
VINP=0

CALL TVSCN(XQUT,VINF)
VIDEO=VINP

X1=18

Yi=128

£330
MOVE CURSOR T0 PARTICLE EDGE WITH JOYSTICK

X1=X1+J5X/10
Y1=Y1-15Y/10
IF( X1-254)210, 210, 20
IFIY1-254)220, 220,30




220 IF(X1-2130,20,220

220 IF(Y1-2)30, 30, 240 )
240 XouT=xi
YOUT=Y1
LOUT=YQUT+2
TOUT=0
CALL TUSCM( XOUT, VINP)
VIDEO=YINP
. 6OTO 30
E AUTO TRACK INAGE EDGE

300 WRITE(1,1300) _
10 e ATC’ ENTER NUMBER OF SCAW FOTMTS:
AD( 1, 1310 NSCAN
1310 FORMAT(I8)
wamznnouomo
30 WRITE(1,1320)
1390  FORMRT" ENTER SCAN AMPLITUIE:
READ(1, 1310 )SCAN
IF( SCAkP-14)320, 320, 310
320 WRITE(L, 1330)
1330 FORMAT(" ENTER SCAN LEAD STaRT:
READ(1, 1340 )SCART
xr(scnnr -HSCAN/2)330, 30, 720
330 WRITE(1,1
i PORarer BNER vioeo ToLerances
READ( 1, 1310 TOLER
POINT=NSCAN/ 4
(O =X0UT
THC 0 )=Y0UT
TAREA=0
TERIN=0

JiP=0

DA=6.28318/NSCAN

DO 340 1=1,NSCAN
DX(1)=SCAMPECOS( TXDA )
MY(I)= SFAHPKSIN(IKDA)
INS=T+N5CAN
DX TNS =DX( 1}
DYCINS )=DY(T)

340 CONTINUE
D0 37¢ J=1,100
START=POINT-SCART
IF{START 1344, 244,346
344 START=NSCAN+FOINT-SCART
346 D0 350 I=1,nNSCAN
IST=1+5TART
XSCANE 1)=Tt J-1)-IU 18T
YSCANCD)=TH( J-1 )+DY{ IST)
350 CONTINUE

CALL TUTRKCNSCAN, XSCAN( 1), YSCAN( 1 1)
CALL JSINPC JSK, J6X, JST)
TFCJSK 360, 380" 40

360 TH( D=xSCAR POtNT)
THC J 3=YSCANC POINT )
POINT=POINT+START
IF(POINT-NCCAN 162, 362, 3ot

J81 POINT=POINT-NSCAN
362 IF(J-2)370, 345, 343
343 TFC1aBS( TW( J)- TH(I))*IARS(TH(J) THOL))-SCANP+1)364, 363, 365
164 THJ=TN 1Y
TH(J)=TH(1}
JHP=1
345 DH=TH( J-1)-TH(J)

DR=TH( -1 )~THC 4)
AW=TW( J-1 TR J)-25
TAREA=TAREA+AWSDH/2
TERIM=TERIM+SORTC DWA¥2+( FHEDH 1042 )
IF¢ J¥P-11370, 380, 330

70 CONTINUE

380 PISIZE=J
Awsn-xnr<rntransn>
PERIN=INT( TERIH)
WRITE( {, 1375 PTSIZE, PERTN, AREA
1370 FURHAT(’ NUKBER  PERIN  ARTA‘/318/
1 POINT x Axrs Y AXIS)
D0 390 J i3
ummxh%umunwu
1190 FORMAT( 318)
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CONTINUE
GOi0 20
DISPLAY DIGITIZED PERIMETER OVER IMAGE

T00T=1

00 450 I=1,PTSIZE
RND=RAN 1.0)
J=INTCFTSIZESRND)

J=
XQUT=TW( )}
YOUT=TH( J}
LOUT=Y0UT+2
CALL TUSCN(XOUT,VINP )
CALL JSINFC JSK, JSX, JSY)
IF(JSK )450, 450, 40
CONTINUE

GOTO 400

RETURN TO CALLING PROGRAM

CONTINUE
TL=PTSIZE
TP=FERIN
TA=AREA
RETURN
END
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TUTRK:

STAT:

TUTRA, 280 SUBROUTINE
REVISION 0.22, 4 AUGUST 1962

THIS ROUTINE MOVES THE CURSOR TO EACH X AND Y
FOSITION AROUND A POINT ON THE FARTICLE EDGE
UNTIL A CIRCLE IS COMFLETED OR THE VINEQ EXCEELS
THE FREVIOUS VIDED BY A CERTAIN TOLERAMCE,

THE FOINT AT WHICH THIS OCCURS IS THEM RETURNED.

PARAMETER ASSIGNMENT

TUTRK( NSCANCHLI, XSCANCDE, YSCANCECT)
YSCAN ARRAY WILL START AT EC &ND EE FUT It IV,
XSCAN ARRAY WILL START AT DE AND EE FUT IN IX,
NSCAN ADDRESS IS IN HL REG, VALUE FUT I¥ € AeC.
TOLER IS AT HL+>, VALUE FUT TN C.
mnpmmuuLkPMINMMLammNm TURH.

SUBROUTINE INITIALIZATION
ENTRY  TVTRK

ngn gg +STORE YSCAN ALDRESS i 11
PUSH  DE sSTORE XSCat ADIRESS TN 3
POP  IX

LD £, (HL) sSTORE HSCAM VALUE I¥ £

INC H[

N

LD c (HL) sSTORE WIDEQ TOLEFAHCE In C
I H

I H

PUSH ML FAVE FOINT SGORESS OW STaix
LD D, 0 SINIT POINT In D

(b B,0 SINIT FOR WHITE T0 ELACA EQCE
QUTFUT NEXT SCAN FOINT

I D SETUP FCF NEXT FOINT

LD A, 10 2L0AD ¥ CONTFOL

QT 74, A SOUTFUT ¥ CONTROL

LD A (1) LOAD X UALLE

T Y FOUTFUT v UALUE

LD a4 SL0SD 1 CONTROL

T 7.4 SUTFUT 1 CONTFOL

LD A (IY) sLOAD 1 VALLE

0UT  64H,A SOUTFUT 1 YALUE

M Ix SSETUR FOR WET 7032Ti0H

W Ix

M I

I IV

IN A, 64 S INPUT STATIS

BIT 0,4 sCHECK STATUS EIT

P Z,5TAT SKEEP CHECKING UNTIL STATUS ISt
N A)74H SINEUT YILED

i B SCOMFARE VIDED WITH FREVIGUZ THREZHOLD
Jp C, PouT JELGE 1S FOUND IF VILED 15 L£Ss
P C SCOMPARE WITH TOLEF

JP C,NEXT $NEXT FOINT IF LE3S

S8 AC ,SU:TFACT TOLER FFOM VIDED IF AORE
LD B,A $AND STORE &S HEXT THFE SHOLE
DC € SDEC M3CAN

JF NZ, SCOUT SREFEAT IF NOT ZEFD

RETURN EDGE POINT

) a,D sLOAD ETGE FOINT

FOF ML

LD (HL),A $AND RETURN
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TVSCNS

Srem:

Nexty:

STAT:

FERINS

VIDEQ INTERFACE SUBROUTINE

REVISION 0.21, 4 AUGUST 1562
THIS ROUTINE MOVES THE CURSOR TO THE CENTER OF THE

TV SCREEN, PARTICLE CENTER

AND SCANS THE PARTICLE 7O FIND THE

SUBROUTINE PARAHETERS

TUSCN( XINFCHL ], VOUTCDED)
YINP IS AT HL®D
LINP IS AT HL+4
TINP IS AT HL+6
AOUT IS AT [E+2
POUT IS AT DE+4

0K THE FARTICLE cxTREMES
#REA AND FERTHETEF,

DATA BASE

XINP: DB { $ X VALLE

YINP: DB { PRI

LINP: DB 1 3Y LINIT

TINP: DB 1 s THRESHOLD

vOUT: DB 1 SVIDED

AOUT: DB 1 " AREA

POUT: DB 1 SFERTNETER

ENTRY  TUSCN

LD A, (HL) BRING 14 FIRST FARARETER
AD A0 $SET FLAC

P Z.CNTR xrwmcomﬂmrvwam
Push Ik 13AVE OUTFUT ABDRESS

LD A, (HL) YSTORE X VaLLE

) (&INP) A

I K

I H

LD (HL) sSTORE Y aLUE

LD (VINF\ A

I H

I K

) A, (HL) :STORE Y LIAIT

LD (LINP), A

I H

IN R

LD A, (HL) sSTORE THRESHOLD

(p (TINE ), A&

LD HL, 0 sRESET HL

LD DE, 00 SRECET €

LD BC, 00 SRESET L

QUTFUT POSITION

LD A, 10 sLOAD X CONTROL

0UT  74H,A SOUTFUT X COMTROL

LD A, (kIve) SLOAD ¥ YaLUE

0T &4H,A LOUTRUT ¥ VALUE

LD A4 $L0AD ¥ CoMTROL

0UT  74H,A SOUTRUT ¥ CONTROL

LD A (JINP) SLOAD Y VALUE

LD £ JINTO0 E

INFUT VIDEO

LD AE sLOAD Y VALUE

T bdH,A $AND QUTFUT

N A, 64H SINPUT STATS

BIT 0.4 SCHECK STATUS BIT

P 2)5TaT $ JUKE TO INPUT IF MOT SET
(0 Hy 0 TRESET PRES FIXEL

N Ay 74H JINPUT VIDED

LD BiA ,thE VILED

LD AVCTING) IRECALL THRESH

cP B SCOMPARE THFESH WITH VIDED
P NC,PERTN $60_IF HORE THAN VIL€0
LD Ho 1 SSET FRESENT PIXEL
i L INCREMENT ARER

LD AH SLOAD & WITH PRES FIX
cP L SCONPARE FRES T0 FEEY
» Z,CONT SCONTINUE IF 34HE




INC j s INCRENENT PERIM
CONT: LD L,H sLOAD PREV WITH FRES
%RC 2'(LINP) .%gtREHE IMIT
cF £ COHPAFE Y VALUE TG LIMIT
JP NZ, NEXTY ,DO ACAIN IF NOT ZERD
' ; RETURN PARAHETERS
1)
_ FOP HL ;RECALL DUTFUT ADDRESS
: LD (HL)B ;STORE VIDED
q INC HL
INC H
LD (HL),C ;STORE AREA
INC HL
INC HL
LD (HL),D {STORE PERIHETER
RET
H CENTER TV CURSOR
14
CNTR: LD 4,10
out 74H
LD A, 12 b3
ouT 64H,n
LD &, 4
ouT 744, A
LD A, 123
T 44H, A
RET

>
.
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ABSTRACT _—"

A holographic image analysis system has been developed to measure the
position, velocity, size and shape of microscopic particles slowlv
settling in three-dimensional space. images of particles recorded
sequentially on individual holographic frames are reconstructed using an
in-line, far field configuration. Image analysis is computer-controlled
with two basic functions. First is the precision registration and XYZ
positioning of the holographic frame so that accurate particle
displacements between sequential frames «can be measured. These
displacements are compared to the elapsed time between the frames to gef
particle settling velocity. Second, it scans a digitized video image of
the recenstructed holographic image to measure size, shape, and area. A
scanning algorithm has been developed to determine particle size (area,
length, width) for classification by settling characteristics. An edge
tracking algorithm has also been developed to facilitate particle

identification by shape from frame to frame. A cataloging system was

developed to provide for data entry, storage and retrieval,




I. INTRODUCTION

Measurement of size, shape and density are critical factors in the
study of particle dynamics and settling characteristics of marine
hydrosols., Micrographic holography has been widely used in aerosol
studies (1) and holographic movie cameras have been developed for studying
zooplankton feeding behavior in ocean waters (2). The size and settling
behavior of aggregates resulting from mixing riverine water with seawater
has been holographically determined in the laboratory (3) and effect of
particle shape on the settling velocities of primary hydrosols
(unzggregated) has also been investigated holographically (4), (5).

Carder et al. (6) have developed an in situ holographic micro-
velocimeter for the study of microscopic particles suspended in sea water.
This device records the image of each particle in three-dimensional space
on a series of successive holograms with respect to time. Horizontal and
vertical dimensions and cross sectional area have been used to determine
particle density using Stokes' Theorem (3). Edge coordinates are useful
for particle identification (e.g., Zernike moments) and analysis of shape
on particle rotation and settling speed (4). During these studies, a
great number of samples must be analyzed in order to provide sufficient
statistics for determining particle population characteristics of shape
and size as well as settling velocity, trajectory, orientation and
oscillations. Such measurements can be facilitated by use of a

computer~controlled image analysis system to improve the accuracy and

reduce the number of man-hours in analyzing holecgraphic particle data.
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1. PROBLEM DEFINITION

A measurement technique was needed to determine the position, size,
shape, orientation and velocity of nicroscopic particles moving in three-
dimensional space. The marine particles of interest in the study (6)
cited above typically ranged from 5 to 250 microns in diameter, which
necessitated the use of microscopic techniques for any detailed size or
shape analvsis. Since oceanic particle densities may vary from about 1.03
to 5.2 g/ml and tvpical settling velocities may range from less than .0001
to 1.0 cm/s, a variety of frame or sample periods from less than one
second to as nuch as one minute may be necessary in order to provide
short-term velocitv measurement accuracy. In addition, the duration or
exposure time for the position measurement should be less than 1/500 sec.
in order to maintain sufficient positional accuracy and prevent hologram

"smearing."

Therefore, a relatively high speed, microscopic technique was
developed (6) to record the images of multiple particles as thev cettled
in three-dimensional space. In order to deal with the enormous data
volume generated in applying these techniques (more than 50 particles per

i hologram), an automated method for reconstructing ard analyzing the

[ particle data has been developed. Edge coordinates are recorded when

} needed for particle identification and for analysis of the particle shape

| effects on particle rotation.

|
IIT. SYSTEM DESCRIPTICN

A functional block diagram of the holographic image analysis system

A is shown in Figure 1. The major components and functions are: 1) a laser
to reconstruct the holographic image, 2) a mechanical stage to positiocn

the hologram in three-dimensional space, 3) a magnification lens and rear

~
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2) XYZ
3) MAGNIFICATION LENS STAGE HOLOGRAM
4) TV \ N
--0-- -=--< LASER
CAMERA
| REAR T Z-AXIS
PROJECTION
SCREEN Y-AXIS
# X-AXIS
» VIDEO CONTROL (7 | controL (o) s)T(ZéE
DIGITIZER COMPUTER CONTROLLER
VIDEO | T
T X,Y,Z MODE
i
6) 8) 9)
TV CRT
MONITOR TERMINAL JOYSTICK

FIGURE 1 HOLOGRAPHIC IMAGE ANALYSIS SYSTEM
BLOCK DIAGRAM




projection screen on which to reconstruct the particle image, 4) a
television camera to view the images, 5) a video digitizer t¢ convert the
image into digital data, 6) a television monitor to display the particle
image, 7) a microcomputer with disk storage for processing and storing
input data from the video digitizer and controlling the position of the
mechanical stage, 8) an interactive terminal to enable operator control of
the system, 9) a joystick for manual control of the frame position end 10)
the XYZ drive controller to move the holographic frame in the laser beam.

Table 1 presents a list of the equipment which comprises the svstem.

Table 1, HOLOGRAPHIC IMAGE ANALYSIS SYSTEM EQUIPMENT
Iten Description Manufacturer Model
1 Laser, 15 mW, He-Ne Spectraphysics 124B
2 XYZ axis table Aerotech, XY: ATS-203
Z: ATS-416
3 28rm or 50mm lens Nikon |
4 Television camera, high resolution Dage 650
5 Video digitizer Colorade Video 270A T
6 Television monitor Panasonic WV 5300
7 Micro-computer, 7-80, dual disk Cromemco Z-2D j
8 CRT terminal Soroc 10 120 ?
9 Joystick Cromemco
10 XYZ drive controller Aerotech EC-2
The system performs the followirng f{unctions: 1) deternines the
position of a particle with respect a three-dimensional frame
reference, 2) determines the width, height, cross sectional area and

perimeter of a particle using a scauning algorithm,

Ak

>

3) determines the

|
‘
i
]




cross-sectional area, perimeter and edge coordinates of the particle using
a4 tracking algorithm, 4) provides for particle identification from frame-
to-frame by displaying the particle position and edge points (shape) from
the previous holographic frame on the current frame and 5) computes the
velocity, average diameter and particle density from the recorded data for

each particle.

IV, TECHNICAL DISCUSSION

Successive holograms of settling particles were recorded in situ on
negative holographic transparency film using the particle velocimeter
described in reference (6). The film was processed using standard
photographic techniques and mounted on individual frames. Each holo-
graphic frame was positioned in a laser beam to reconstruct a two-
dimensional profile of each particle in the direct transmission mode. The
image of each particle was successivelv focused on the rear projection
screen by moving the holographic frame in the Z axis. The projected scene
was viewed with a television camera and converted inteo a digitized video
signal. The holographic frame was then moved in the X and Y axes to bring
the focused image of each particle into the center of a TV monitor. The
position of the frame and the size, shape and orientation of each particle
was analyzed and recorded by the computer. As images of the same parti-
cles in subsequent frames were catalogued, a matrix of settling velocity
and lateral motion characteristics was generated for each particle. The
statistical distribution of settling velocity with respect to particle
size, shape ~nd orientation provided an accurate determination of particle
densitv and ultimately permitted a general particle classification (e.g.,

organic, mineral, heavy mineral), based largely upon densitvy.
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A, PARTICLE POSITION AND VELOCITY
Particle settling velocity using the system described in Figure | was
determined by measuring the position of each particle in three-dimensional
space at two or more different sample times. A typical particle
configuration is shown in Figure 2. Prior to cataloging any particle
images from a frame, an accurate and repeatable reference-is established
for a point common to all frames. The reference point in a frame is
centered on the television monitor by moving the frame in the X, Y and Z
axes under ceomputer control with a jovstick., The image of each particle
% in the frame is then subsequentlv noved to the center of the monitor with
? the jovstick and its position recorded. Size and orientation parameters
are determined using the particle scanning and edge tracking algorithms
described below. Once recorded, the particle data from a previous frame
can he retrieved and the XYZ stage driven to that position under computer
contro! to enhance location and identification of that particle en a
subsequent frame. VWhen the entry of data for all frames has been
completed, the distance each particle has travelled between successive

frames is determined and the individual velcocities calculated as shown:

2 2 2,1/
Ve = (Vx® + Vy© + Vz<)

(D

where
Vx = dx/dt
Vy = dysdt
Vz = dz/dt.
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B. PARTICLE AREA AND PERIMETER

Determination of the projected cross-sectional area of a particle can
be derived from the reconstructed image by counting the number of pixels
inside the particle boundary. In a similar manner, the perimeter of the
narticle can be derived from the number of pixels along the edge. Omne of
the major problems with a '"noisy" image is detection of the pixels which
represent the edge. Yakimovsky discussed an edge detection technique (7}
based on maximizing the 1likelihoed ratio with a simple single-pass,
region-growing algorithm. This ratio is a comparison of the intensities
of neighboring pixels within the same object to neighboring pixels from
two different objects. The boundarv decision is based on comparing the
ratio with a pre-defined threshold and accumulating those neighborhoods
which are considered to be within a single object into one contiguous
region. McKee and Aggarwal have developed a multi-pass technique (8)
which processes a full video frame of data to obtain edge coordirates of
very complex shapes. However, this method would be far more complex and
time-consuming than necessary for determination of area and perimeter in
most of our applications. Also, it is rare for more than one particle
image to be found in a given focal plane.

Therefore, we have chosen to use a simplified edge detection
technique based upon a comparison of the pixel intensity with a threshceld
adjusted for the average intensity between thc particle and background
(SCAN technique) and a simplified edge-tracking method (TRACK technique).
Pixels at each tranmsition across the threshold are accumulated as the edge
of the particle, while pixels above the threshold are accumulated as its

area.




C. PARTICLE AREA SCAN TECHNIQUE

The particle scanning algorithm developed for this system is based cn
a simplified single-pass edge detection process. The surface area and
edge perimeter of each particle are determined by comparirng the videco
intensity of each pixel with a selected threshold value. The technique
consists of processing a series of vertical scans which horizontalliv cover
the image as depicted in Figure 3. The horizontal (equatorial) and
vertical (polar) axes of the particle are determined bv manually adjusting
a vertically scanning cursor to the edges of the particle when the
algorithm is first executed for each measurement. This limits the regicn
under investigation to the immediate environment of the particle and
eliminates the generally out-of-focus neighboring particles from
consideration.

Beginning on the left side, the particle 1s scanned from top to
bottom in synchronism with the television raster. The video intensity
(0-255) of each pixel is compared with a threshold value corresponding to
the intensity at the particle edge. If the pixel intensity is greater
than the threshold, the pixel area is assigned a unit value and the column
area 1is incremented. Otherwise, its value is zero. 1If the pixel area
value is different from that of the last pixel, the horizontal perimeter
is incremented. When the wvertical scan 1is complete, the difference
between areas of the current and previous columns is added to the vertical
perimeter. The scan 1is then incremented to the right and the process
repeated until the entire particle has been scanred. The selected scan
consists of Nr rows vertically and NC columns horizontally. The total

area of the particle is the sum of all column areas scaled as shown in Eq.

(2). Since the shape of each pixel is not square, the vertical component

-
/
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must be scaled to provide an accurate measurement of the area and

perimeter, Or simply,

Lf V., .., >V thena ,, ., =1
p(i,j) t p(i,J)
‘ If V . .. ©V_th A . .
§ p(i5) Tt T Ap(d,g)
3
? N N
c r
| Area = F_* F_* Sum ( Sum A (i,3) )
;, 7 i=l §=1 t (2)
where i and j are the pixel column and row,

V_is the video amplitude of pixel (i,j),
V,_ is the preselected video threshold,
N 1is the number of scarned columns,
N _is the number of scanned rows,
F_ is the horizontal scale factor and
Fy is the vertical scale factor.
The error introduced by the quantization of area should converge toward

zero and become negligible as the size of the particle increases.

The vertical component of the perimeter (Pv), is the difference

hetween the number of pixels above the threshold in one column compared to
the number in the previous column. The horizontal component (Ph), is

the sum of all transitions across the threshold occurring in each column.

The horizontal and vertical components are scaled by Fx and Fv’ !
respectively, and combired to form the particle perimeter as shown in

Eq. (3). If Vp(i,j) is not equal to Vp(i,j+1) then the incremental

horizontal component (Hp(i.j) = 1, otherwise Hp(i.j) = 0.

AT 1 > = n * * 3
Perimeter ( Fx Pl Yy + ( Fy Pv ) (3)

t




N Y
where P, = SGm ( Stm H_(i,i) )
v i=1  j=1
Ne Nr Nr
and P = Sum ( Sum A (i,j) - Sum A (i-1,j} .
v . . . p
i=] j=1 j=1

The major error in this method is highlv dependent on the orientation of
any edge segment with respect to the scanning axis. Although straight
edges orthogonal to the scan will yield good measurements of perimeter,
those same straight edges oriented diagonally to the scan axis can degrade
the perimeter measurement bv as much as 30% [l-SQRT (1/2)]. Therefore, a
different method of determining perimeter which will be insensitive to
particle orientation was required. Also, variations in the pixel
intensity around the particle perimeter with respect to the threshold
level increase measurement uncertainty. A dynamic threshold which can
adapt to varying particle and background video intensities will improve
this condition. Such a technique 1is implemented in an edge-tracking
routine described below that provides data for determination of particle

shape and orientaticn.

D. PARTICLE SHAPFE AND ORIENTATION

Boundary definition using direction and curvature chains have been
described by Eccles et al. (9). These techniques generally describe an
image boundary in terms of a one-dimensional list of angles starting from

an origin on the image edge and incrementing uniformly around the

boundary. Freeman has described another method for determining shape by

defining critical points around the boundary (10). These points include




discontinuities in curvature, points of inflection, curvature maxima,
intersections and points of tangencv. Fourier transforms have been used
as digital filters to smooth the digitized boundaries of planar objects.
Pavlidis discusses several algorithms using Fourier transform coefficients
to define detailed shape characteristics (l11). Teague has developed
similar shape analysis techniques using Zernike moments (12).

We have chosen a boundary chain technique to determine particle shape
and orientation which is similar to the method described by Eccles (9).
The edge-tracking algorithm, described below, determines the boundary
between the particle and background by examining a small region of pixels
along the particle edge. Edge detection 1is based on the intensity
gradient between neighboring pixels rather than the simple threshold
technique used in the particle scanrning algorithm described above. As
each new point along the the particle edge is determined, the tracking
pattern 1is then centered on that point and the new neighborhood is
explored. This process continues until the particle has been fully

circumnavigated. A more detailed discussion is given below.

E. PARTICLE EDGE-TRACKING TECHNIQUE

The particle edge-tracking algorithm provides the capability to
classify particle size, shape and orientation for applications dealing
with particle settling dynamics. The edge tracking algorithm scans across
the particle edge in a series of small circular patterns where i is one of
the Np scans around the particle edge and i is one of the Ns points in
a scan as shown in Figure 4. The point j in the scan for which the pixel
intensity V(i,j) exceeds the previous pixel 1intensity V(i,j-1) bv a

threshold value Vt’ is defined as the edge for the current scan pattern

10
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i and is used as the center of the next scan pattern (i+l). This process
continues until the scan returns to the neighborhood of the starting
point. The scan radius Rs’ number of points per scan NS, and threshold
value Vt, can be manually selected, depending upon the particle size and
shape.

The perimeter of each particle is measured by accumulating the radial
distance of each threshold transition around the particle edge until the
circumnavigation of the particle is complete. Since the shape of each
pixel is not square, both vertical and horizontal components must be
scaled accordingly, by Fy and Fx’ respectively, to provide an accurate
measurement of the distance around the particle. The algorithm for this

function is:

P )
Perimeter = Sum [ ( F_ * T )2 + (F_ * T )2 ]1/“ (4)
. v y X X
i=1
where T = R _sin
y s
T = R_ cos
X s
Rs = scan radius
Np = number of threshold transition points along edge.

The area of each particle is determined by accumulating the
trapezoidal area defined by each new transition as shown in Figure 4. The
distance %y between the particle edge and a vertical reference line at
the center of the screen is determined for each transition point and

multiplied by the vertical distance dyi between two successive edges.

The entire area of the particle is determined by successively adding or
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subtracting each incremental area depending on the vertical direction

until the particle has been completely encircled as described by:

N

p
Area = ( 1/2 Sum ( x + x y * dy % Fv / Fx ) (5)
i=1 i i+l i ‘

Particle identification from frame-to-frame is achieved by displaying the
edge pixels of a selected particle on the next frame and comparing it to

the shapes of the new particles for correlation.

E. ALGORITHM ERROR ANALYSIS

The inherent error in the tracking process consists of radial and
angular components. as shown in Figures 5 and €, respectively. These
errors are functions of the number of scan points (NS), and the scan

radius (RS). as shown in:

Radial error = RS * (1 -cos (2 -/ NS ) /2

Angular error = +/- 2 1/ NS (6)

These errcrs on average will produce a small positive errer (e.g.,

2.5% for NS = 20) in determining the perimeter of a smooth boundary as

| shown in Eq. (7). However, the algorithm may also exhibit a negative
"corner truncation" error for figures with sharp corners because of
truncation produced by the discrete scan process. The difference between
the actual and measured area for large, smooth particles should be small

but may become negative for particles with sharp corners, Eq. (8).

|
|
!
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Perim error =+ N * R (1l -cos 21 /N ) (7)
p s s

Area error +/= ( Np * R5 * gin 2 7/ NS ) /2 (8)
Area and perimeter measurements will also vary as a function of the
video intensity threshold value for the scan mode and as a function of the
video intensity gradient threshold value for the tracking mode. The video
amplitude across the edge of an image with varving contrasts is shown in
Figure 7. The effects due te variation of the threshold values on
measurements of a hiph-contrast, white-on-black square (2 cm/side) are
summarized in Table 2. In generating these data the video threshold
intensity for the scar mode was set at values from 23% to 74% of the
intensity difference between the square and the background, whereas the
intensity gradient threshold (intensity difference/pixel) for the tracking
algorithm was varied frem 8% to 32% of the total intensity difference
between the square and the background. This particular applicaticn used a

negative threshold gradient (i.e., a bright-to-dark transition).

Table 2. Effects of variation of video threshold intensity (scan) and
intensity gradient (track). Variation is represented bv * one
standard deviation as well as the total range of deviation.

AREA (PIXELS) PERIMETER (PIXELS)
Scan Track Scan Track
2165.6 * 4.07 2058.1 * 1.3% 185.6 * 4.7% 180.4 *+ 1.7%
11% Range 4% Range 15% Range 5.5% Range

The range of threshold effects is smaller for the tracking mode than

the scanning mode because the maximum videe intensity gradient, generallv

13
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found about halfway between the intensities of the image and the back-
ground (see Fig. 7), cannot be exceeded without the algorithm '"losing
track" of the particle edge. The threshold intensity gradient value for
the tracking program is generally selected to be smaller than the smallest
normal edge gradient (bottom curve in Fig. 7) found along the particle
edge. This insures that oblique approaches to the edge do not reduce the
measured intensity gradient below that of the threshold. This reduced
threshold value causes the tracking program for the high-contrast part of
the particle (upper curve, Figure 7) to in effect underestimate the size
of the particle for a white-on-black image and overestimate the size of a
particle for a black-on~white image, especially for particles of varying
contrast along the edges. For the white square on black background image
addressed in Table 2, this resulted in particle size estimates that were
3 to 1% pixels lower per edge transition (see upper curve in Figure 7),
depending upon the video threshold intensity gradient selected, or a 1.2
to 3.67%Z underestimate of the length of each side. This underestimate
would be offset to some extent by the radial error effect on the perimeter

as described by Eq. (7).

IV. PERFORMANCE EVALUATION

The performance of the scan and track algorithms was evaluated using
white-on-black geometrical figures (square, equilateral triangle, and
circle) of known size. The standards for comparison were accurate to
within % tc 1 pixel per side or to about *2.5% for the small figures and
*+1.25% for the large. The results of the comparisons are shown in Table
3., Digitization error appears to have produced a greater effect on

accuracy of the small figures with comnlex shapes compared to the larger

14




ones., A digitization error of one pixel per edge car result in errors as
large as *3.,6%Z for the small and *2,0%Z for the large triangle
measurements. However, this effect should approach zero as the shapes

become larger and smoother.

Table 3. Perimeter and area measurement accuracies of the scanning and
tracking algorithms for some standard geometrical shapes

Track Scan
Area Perimeter Area Perimeter
Size
Shape (cm) % Error % Error % Error % Error
Square 3.0 0.38 -0.47 +0.50 +1.4
Square 2.0 0.98 0.17 +2.39 +3.2
Triangle 4.0 -3.00 -2.90 -0.56 6.89
Triangle 2.2 +3.98 +1.83 -0.80 +4,23
Circle 4.0 -0.90 0.62 +3.14 +14.45
Circle 2.2 -0.88 2.97 +0.66 +9.36

% Difference

For the tracking program, most errors did not exceed the accuracy
limits of the standard measurement. Digitization errors, together with

the uncertainties in the standards, can account for the differences

betweer the measured and "standard" sizes; inclusion of the potential of

radial, corner-truncation, and threshold intensity/threshold intensity

gradient errors insures that the maximum tracking error measured (3.98%)

falls within potential error limits. |
For the scan program, all of the areas measured were within expected

error limits, although the triangle and circle perimeter errors were

larger. The perimeter errors for the squares were quite low as the edges

15
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of each square were aligned with the vertical and horizontal axes of the
TV camera. Perimeters in the scan mode can be exaggerated by as much as
1 - v2/2 for lines sloping 45° to the vertical. The largest manifestation
of this "serrated edge'" effect was found for the circle, with more than a

+147% error.

V. APPLICATION TO HOLOGRAMS

To demonstrate the application of the system and techniques to the
analysis of in situ transmission holograms, they were utilized to
re-examine holographic images of mica flakes collected during a settling
experiment reported in (5). Because the mica flakes are very thin ard
tend to settle at some angle to the focal plane, only cne side will be in
sharp focus at a time. Therefore, a slightly defocused (lower contrast)
image was analyzed (Figure 8). This lower contrast image is typical of
the type collected from irregularly-shaped particles commonly fcund in
seawater.

A comparison between the tracking and scanning algorithm data (Table
4) shows that the areas generated are within about 6% of each other for
these mica holograms. The perimeter scanning algorithm serves best as an
upward limit or check on the perimeter tracking algorithm. For example,
the circular image of the third holographically recorded particle resulted
in a perimeter that was 11% higher for the scanning than for the tracking
algorithm. Since this was a circular particle, the scanning algorithm

overestimated the perimeter by serrating the edge.
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Figure 8. Photograph showing video displav of reconstructed mica flake
hologram. Two risht-most bars are 0-256 video amplitude
scale for all pixels alonas central bar.




Table 4. Holographic image analysis measurements of fallirg mica flakes
using the scanning and tracking algorithms (magnification of

150X)
----------- Scanning-=-—=-==——-- ~==———==Tracking---—==---
Threshold General
Sample Area Perim Thresh Area Perim Gradient Shape
1 498 127 134 500 135 26 Rectangular
2 107 40 113 101 42 30 Rectangular
3 485 118 100 501 106 30 Circular

VI. SUMMARY

The holographic microvelocimeter has proven to be an invaluable tocl
in studying the settling dynamics of particles both in the marine
environment and in the laboratory. The data reduction of this tool has
been semi-automated using a microcomputer to provide data bzse managenment
and to control two phases of the analysis. In the first, a set of
precision translation stages register different holographic frames and
measure particle displacement between frames. The accuracies of this
stage are on the order of $0.0002 cm. Even greater accuracies in particle
settling velocities can be achieved by adjusting the exposure interval,

The second microcomputer-controlled phase is the measurement of the
size, shape and perimeter of the digitized video image of the hologram.
Two techniques have hcen developed to measure the area and perimeter of an
image. The first is a scanning algorithm which utilizes an absolute
threshold of the video intensity of each pixel inside the video image.
This is an extremely fast algorithm which is able to scan the area and
perimeter in a single pass. It suffers in accuracy when dealing with
lower contrast particles having a variable intensity 1in different

sections, and with rounded particles since {t tends to count a serrated

17
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edge. A second technique has been developed to track the edge of an image
and increment the areca and perimeter utilizing an edge gradient between
the background and image., Both algorithms have been tested with standard
geometric images and with holographic images and are accurate to within
4~67.

While this system has been developed to study particle settling
dynamics, the techniques of image analysis could be applied to many
pattern recogniticn and any digital image analyvsis problems. The edge
coordinates from the tracking algorithm can be saved and further analysis

of shape done using Fourier and Zernicke moments.

This effort was funded under Office of Naval Research contract
NO0OO14-75-C~0539 to the Marine Science Department, University of South

Florida.
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ABSTRACT
Settling experiments performed on silt to fine sand sized mica flares
with a holoaraphic micro-velocimeter revealed that mica is the hydraulic
equivalent of quartz spheres having diameters a factor of 4 to 12 times
smaller. Mica in the very fine to fine sand sizes has been traditionally
used by scdimentologists to delineate areas of deposition or non-deposi-
tion and potential winnowing of fines, and is here found to be the hyvdraulic
cquivalent of silt sized particles but not of clay.
( Experiments also showed that mica flakes tend to settle at orientations
which are neither perpendicular nor parallel to the gravitational vector
ard to generally maintain their orientation throughout. Equations for the
settling of a disc in Lerman and others (1974) and that developed by Komar
and Reimers (1973) are shown to be mathematically similar for the coarse
silt to fine sand ranges of discs and are adequate predictors of settling

rates of mica flakes. A comparison of the hydraulic equivalency of quartz

splieres to coarse silt through fine sand sized mica flakes is nrecented.




INTRODUCT ION

Because it cleaves into flaky particles, sand sized mica is a mineral
sroup in wvhich shape should obviously affect settling characteristics and,
in fact, has often been considered to be the hvdraulic equivalent of silt
and clayv. Neihesel (1965) noted the close association between sand sized
mica and the clay fraction of Georgia estuarics, an association also recog-
nized by Pamerancblum (1966) off Israel. Dovle and others (1968) used
the abundance of mica in the 125-250 um size fraction to delineate areas
of the southeastern United States continental margin which might be under-
going winnowing or deposition of fines, a process which otherwise would be
masked by the dominance of reworked Pleistocene sands. A similar approach
was used by Adegobe and Stanley (1972) on the Niger Shelf. Doyle and others
(1979) and Park and Pilkey (1981) discuss the significance of mica content
to the depositional and erosional systems of the whole continental margin
of the Eastern United States.

Despite its intuitive widesprecad use as a hydraulic analog of finer
sized sedinments, no quantitative evaluation of the sedimentologic charac-
teristics of mica has yet been undertaken. The purpose of this paper is
to determine as far as possible the hydraulic characteristics of mica
flakes and how these characteristics compare with those predicted from
settling equations in the literaturce.

APPROACH

Our approach is to utilize a modified hologroohic micro-velocimeter

developed and described by Carder (1978) and Carder and Meyers (1979).




Fisure U shows the system used. Transmission holograms are simultan-
cously collected along the vertical and horizontal axes of a settling
cuvette. .\ reference point in the cuvette is also recorded on each
vertical and horizontal hologram to allow translation between the two
dxes.  Sequential frames at accurately timed intervals (from 0.5 to

.0 scconds depending on the particle size) record the settling velocity
and orientation as well as particle size and shape. The images are
reconstructed by placing the hologram back into the laser path and re-
focusing on particles in any of the infinite number of focal planes in the
settling cuvette. This system offers the advantage of using actual
sedimentary particles in the sand to clay size ranges, thus obviating
any crrors which may be inherent in scale modeling systems.

Mica samples were chosen from sediment cores from the Eastern United
States continental slope (Doyle and others, 1979). Silt to fine sand
sized mica flakes were added to a small quantity of filtered distilled
water to obtain a slurry. A drop of slurry was picked up on a fine brush

and the drop barely touched to the top of the miniscus of the distilled
filtered water in the cuvette, thereby introducing mica flakes into the
measuring apparotus.  Other methods of sample introduction, including use
of an eye dropper, were tried, but they tended to set up convection within
the cuvette.

Resulting settling velocities were then compared with the theoretical
settling rates generated fron the cquations of Lerman and others (1974) and
Komar and Reimers (1978).  In the calculations of settling rates a density

) - 3
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for wica of 2.9 g/em” was used, midwavy in the normal range for biotite and
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Suscevite. Examination of the mica by standard optical techniques showed
that the mica fraction in the cores was composed of muscovite and a lesser

amount ob biotite.  Finally, we compared the measured settling rates of

the mirea vith those for quartz spheres.

SHAPE AS A FACTOR OF GRAIN SETTLING

Shape has been recognized as an important factor in the analvsis of
scealzents oy ohvdraulic methods (principally settling tube) for over 100
vears.  uibbs and others (1971), Lerman and others (1974), Komar and
Reimers (1478) and Brezina (1979) have summarized the development of
thiinsiny concerning the hydraulic importance of shape and have contributed
to the tormulation of equations for settling velocity which take grain
shape into account. In a series of recent articles Baba and Komar (1981 a
and L) have begun to examine shape effects of various tyvpes of natural
particles,

Lerran and others (1974) modified the equations for the settling of
a disc of "no thickness" in the Stoke's range, developed by Lamb (1932),
Payne and Pell (1960), and Brenner (1964) by adding a term for disc
thickness.  The resulting formulae for the two major orientations of
tall are:

2
g(ps - 0) th (edgewise) (1)

3.396 ¢

g ~p)gq r2
s h {(broadside) )

5.1
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Where: U = settling speed
r = disc radius
h = thickness
q, = hi/r

H = dynamic viscosity of water

P, T particle density
p = density of water

2
¢ = acceleration due to gravity (981 cm/scc’)

Komar and Reimers (1973) approached the effect of shape on settling
veleocity by scale modeling with pebbles in a glycerine settling medium,
tne resuits veing equivalent to quartz sand and silt in water. They
found experimentally that the Corey Shape Factor (CSF) introduced by Corey
(1949), Malaika (1929), NeNown and Malaika (1950), and Mchown ané others
(1951) gave the best prediction of shape effcets for the pebbles they
used in their experiment. Based upon their experinental results, Komar
and Reimers (1978) developed an empirical formula for settling velocity

in the Stoke's range, taking into account shape ef:

Toct

1 2 3
U = 1—8_—',_1 (us - ) §,l)n (3)
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y 2/3
wile e s Dll = (hl)LDZ)
Di = intermediate axis particle diameter
l)l = principal axis particle diameter
CSF = h/ V' DD
il
h = small axis particle diameter
~-0.378
:(CSF) = 0.946(CSF) when 0.4 < CSF < 0.8

i

{ (CST 2.18 - 2.09(CSF) when CSTF < 0.4

v

ey turther found that they could extend the range of the grain
aizes following Stoke's settling to Reynolds numbers of up to 0.10 or
for particles of up to 100 um, and they werc able to empirically extend

thelr data to cover grain sizes up threugh pebbles.

Yor particles like mica where h is small relative to Di and Dl’ CSF
is < 0.% and the general equation (3) becomes:
1
{2.18 - 2.09 (h//DiDl)]

The particle thickness h may be expressed as a ratio with respect
to b, i.e., D/100, D/S0, D/25 .... D/, and therefore in the ranges in
wiich we are working, the wquations of Lerman and others (1973:) and

cquation (3) are similar. For example, let l)i =D, = B, X =

1 = 2r, and

h

= ol

(]H = h.
r
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fhen cquation (4) becomes:
2/3
1 —_
U= L 7 (p, - o)z (D;)
18y (2.18 - 2.09 =) ‘
X
1 1 2
1 273 (CS - %) gb) (5)
U= (2.18 - 2.09 =) x ~' 7 \U8u

Stokes Formula

Our weasurcments of h for mica flakes vielded a range of h = 0.007D -

.05 D. 3 =D = o
0.05 1 For x = D/h 0.01 = 100, and substituting in (5), we

obtain:

Lerman's formulae are of the general form

”
U=gl, - p)qr

cu

where ¢ = 3.396 to 5.1. Substituting as before we obtain

o
U=yg(k, -p)D

2cux

Multiplying by 18/18 yiclds

Stoenes Forouia




For Lerman's formula to be equivalent to Komar and Reimers at ¢ = 100

A2 g 02
< CA
- .18
2(100) (0.021)
¢ = 4,28

‘his value lies between Lerman's two values of 3.396 and 5.1 and therefore
caluces Gerived from the two sets of {ormulac will be close to each other
over the ranges we are examining.

Assuning Di = Dl =D (where D is an average diameter) is an idealized

cane windeh all mica flakes do not mect. Any deviation from D, = D1 will
i
obviously cause some deviation in the calculation of u. When D, = Dl‘ the
i

D/h becomes the shape parameter directly related to the Corey

parameter o =

shape factor.

|
i
!
1
i
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THE HYDRAULIC LQUIVALENCY CF MICA

In our experiments mica flakes seldom settled either exactly broad-
side or uvdeewise.  They usually assumed an orientation between the two
extremes, neither perpendicular nor parallel to the gravitational vector
wiricih they maintained throughout. Stringham, et al (1969) also showed that
particles settling at low Revnolds numbers maintain their initial orien-
tation which need not be perpendicular to the settling direction.

Fisure 2 shows the experimentally determined settling velocities of

mica flakes plotted on the family of curves of Lerman and others (14974)
and Komar and Reimers (1978) for thicknesses of D/260, D/50, D/20, and D/10.
Komar and Reimers (1978) equation begins to diverge from those of Lermen
(1974) only at thicknesses of D/20 and greater. The thickness/D ratios
of 32 mica grains from a splic of the slope sediment used for the settling
velocity experiment were determined by scattering some quartz beach sand
on an SEM stub and then sprinkling the mica-rich slope sample over it.
Some of the mica flakes landed on edze and we were thus able to measure
thickness to D ratios. Thicknesses ranged from 0.7% of D to 5% of D,
with the average at 275 and a standard deviation of 1.15%. Figure 2
also shows that most of the velocities of mica flakes which we measured
fall within the envelope created by the theoretical curves.  Scatter at
the coarser end s probably mostly due to variation in thickness, svmmetry
(e.q., Di # Di) and in settling orientation, due to the fact that some
particles in this size range arce beginning to exceed the Stoke's low

Revnolds number constraint on the Stokes cquation.
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AL ne coarser end of the scale, particles fall closer to Lerman and
otiiers (174) ¢quations than to Komar and Reimers (1978). Figure 3 shows
tiie ailameter of spherical quartz particles of density of 2.65 which would
wttle gt rates of the variously sized mica flakes determined from

Levian and others (1974%) equations for h = D/200, D/50 and D/20. Our
experisents show that mica ranging in diameter from 62 um to 250 um,
witioa thickuness of no more than 5% of the sieve diameter, is the
avdraulic cauivalent of 5 um to 82 um quartz spheres. Very fine, sand
siced mica, then, is the hydraulic equivalent of silt sized quartz
neres wnile rine sand sized mica is the equivalent of silt to very

tine sand sized spheres. Coarse silt size mica flakes are the equiva-

lent op fine,and very fine quartz silts.

CONCLUS1IONS

1. Ihe equations for determining settling velocity of a disc pre-
sented by Lerman and others (1974) and that developed by Komar and
neimers (1978) for particles where the Corey Shape Factor < 0.4 are
similar tor thicknesses of D/50 or less.

2.  kuperiments on fine sand to coarse silt sized mica flakes using
a holovraphic micro-velocimeter showed that grains most often do not
orient themselves perpendicular to the flow ficld as they settle but that

they tend to settle at some orientation between broadside and edgewise.

3. Mica in the coarse silt, very fine sand, and fine sand sizes is

the hvdraulic equivalent of silt and very fine sand sized quartz spheres
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acconding to the relacionships shown in Figures 2 and 3.
Contrary to previous assumptions, mica in the coarse silt to f{ine

sand sices is not the hydraulic equivalent of clay.
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Figure

Figure
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FIGURE CAPTIONS

Holographic micro-velocimeter set up used to
measure the settling velocity of the mica flakes.

Lerman and others (1974) equations for the settling
of discs both broadside and edgewise plotted along
with that of Komar and Reimers (1978) for thickness
of D/200, D/50, D/20, D/10. Note that the equations
yield values which are very close to each other at
thicknesses of D/50 or less, thicknesses most prev-
alent for mica flakes. X's are values of mica flakes

we measured.

The hydraulic equivaleney of mica to quartz spheres.
Mica sizes are coarse silt to fine sand and thick-
nesses are D/200, D/50, D/20.
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In Situ Holographic Measurements of the Sizes
and Settling Rates of Oceanic Particulates

Kespatl L. CarpER.) ROBERT G. STEWARD, AND PETER R, BETZIR
Department of Murine Science, Uniwversiy of South Florida, St. Petershurg, Florida 33701

A free-oatng sediment trap equipped with a holographic particte selocimeter tHPVY was deplosed for
14.4 hours 4t a depth of 30 mn the western North Avanuc Ocean. The system recorded the in situ sizes.
shapes, orentations, and setthng rates of microscopic particles moving through the laser beam. The
primary data reduction revealed particles from the system’s lower hmit of resoiution. {$ micrometers in
diameter. 1o 230 micrometers 1in diameter with setthng velocities rangimg from 00190 to 0.2302 cm s
{16 198 m dav) Individual particle densities, caleulated from s moditied Stokes equation, ranged trom 137
to 310 ¢ mi. The presence of high density particles was independentiy corroborated through mdiviguai
particic anaivsis of the trapped material with a computer-controiled. scanming electron microscope
equipped with an enerey dispersive X-ray analvzer. in the future. in situ holographic systems might oo used
to further our understanding ol premary productisity, sediment eroston deposition, and particle aegrega-

tion disruption diss'ution

INTRODU ¢ TION

Size. shape. and density are kev vanables controlhing the
setthing dyvnamies and fate of manne particulate matter. The
classical method of determuimng stze and shape 18 to collect
suspended particulate matter with g deviee suck s a Niskin
bottle { Gardon, 1970] or sediment trap and then concentrate
the parucles onto a membrane hilter orin a setthng chamber for
mucroscopie analvsis. The universal problem with this ap-
proach iy determining the degree to which the size distribution
and ~hapes have been altered by the collection and con-
centration sequences. Fournter [197S8]and rene et al. [1978]
have shown that sample handling can cause particle disruption
Bisitep and Edmond {1970] and Bivhop [1977] have used a high
volume m situ pump to polate microscopte oceanic suspended
matertal, but even wath this well-engineered system there s a
possibiiity that friable material will not mamtam s integnty
throuwh the separavon process. There iy considerable advan-
Lage M ousig passive 10 situ systems o charactenze setthing
particles, as the above uncertanties are obviated

Purpost

A holographie particle veloameter (HPVY has been devel-
oped tn our laboratory that measures size, shape. and setthng
veloaty of andividuad particles [Carder. 19790 Carder and
Mevers, 19791 The laboratory version of this device has been
moditied for use i a free-floating sediment trap for in situ
studies. The purpose of this report v to desenibe the holo-
graphic device and present some results from what are believed
to be the nestin situ setthng measurements ot indiadual, micro-
scopic. and oceamie particles.

THrory

The techmyue s an appheation of Tar-ticld or Fraunhotter
haolography [ Fhompson e il 1967 ] The in-hine hologram s g
record ol the nterterence between the tar-tield ditfraction pat-
terns saattered by the parncle and the collinear background

SNow o sanpatical at OMice oF Space and Terrestrial Appnaations,
NASY Wonhneton 1) ¢ 2246
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Paper number 200
HEINO02T 8 0020030 v S

[Curtwright et al., 1980 Thompson et al.. 1967]. Each hologram
provides a permanent record of the three dimensional posiion
and geometric cross secton of all particles in the laser-
tlumimated sample volume 327 mh (Figure 1

The Laboratory HPV was modified three wavs for use at sea.
Farst, the spatial tilter was removed sinee 1ts crtical ahgnment
might not have withstood the stresses assoctated with depioy-
ment and recovery of the sediment trap array Second. the
imagmg lens was changed from 30 to 72 mm focal length
Finally. the I mW HeNe laser was upgraded 1o 2 mW. The last
tw o modifications were etlected to optimize the device for faster
setthng particles. That s, with reduced magnitication a larger
sample field was recorded and with mcreased laser intensity a
shutter speed fast enough to stop particle motion on film was
achieved. To dampen all monion other than that due to grav-
tational setthng, the sampie velume was isolated in s o-om tail
setthng chamber (Figure 1 The 4.5 « 4.5 ¢m square chamber
contamed two sets of flow dampers, one 5 ¢m long and the
other 10 ¢m. Each of the sets consisted of about 30 juxtaposed
cyhnders, each 0 5 cm i diameter.

Thein situ HPV was remotehy controlied with o digital timer
programed to trigger exposures at 7. 7.5 9.00 and 133 < after
starting the laser. The time between exposures, the number of
exposures sequence. and the number of sequences hour were
programable varables. Wuth the present film pack. the system
can collect up to 230 cvposures.

ExprriviNg

The HPV-cquipped sediment trap collected for 144 hours
starting from 1900 June 19, TISO0at a site 126 N 96 W) about
60 nautical miles cast of the Bahamas, The components de-
prcted i bFrgure 1 were mounted in the mam oxhader 136 cman
drameter) of the trap iesellt The trap was located at 30 m depth
on i dree-flodtng array composed of four parts connected by
pobyethviene-sheathed. steel cable (higure 21 In ascending
order. these were (1 the sediment trap with stainless steel
protective cage. 12100 et of three subsuriace foats starting 3 m
above the trap. (3 g set of three surtace loats, and 4y & sartace
marker buoy cquipped with a strobe hicht and radar retlector
o dampen waveanduoced vertuall moton, muitple strandgs ol
shock cord (10 em dilameters were strung between cach of the
Noats

NOAA scuba disers were unable to detect any motion or

ShRt
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Fre 1 An unscaled schemaue diagram of the 1n situ holographie
particle veloameter tHPV) components that were housed in the sedi-
ment trap The square setthng tube was open only at the top and had
two sets of How dampers o minimize water motion an the samphing
path

harmonic vibrations 1n the array just prior to s recovery.
Netther was any trap-induced verucal motuon detected with the
holographice records. That is, the varnianon in setthing velocty
per particle was less than that due to the precision of succesive
frame regstration ¢ -2 gmy This work was conducted under
moderate sea conditions iwave heights of U5 I m and winds
less than 10 hnots), Addinonal testing of this array s required
to fearn af 1t can mumimize vertical monon of the trap under

severe surface conditions.

MeTHODS

Upon recovery of the trap, the holographic ilm was devel-
oped. and the particulate matter from the bottom chamber of
the trap was concentrated onto pre-tared, 043 um pore diam-
cter. membrane  filters. To  determine  the total masy
flun m* day. the tilters were weighed at our shore-based tabora-
tory. In additon, portions of the pads were analvzed by a
computer-controlled. scanning electron microscope equipped
with an energy dispersive N-ray analyzer at the State Umver-
sity of New York Syracuse (D, L. Johnson).

The holographic data were also analyzed at our shore-based
facthties. Data reduction was performed manually by recon-
structing the holographic images onto a white screen at 200
« magnitication and measuring the particle dimensions and
displacement between frame with a vernmier mucrometer (> 5
umi. The density of cach particle was caleulated based on the
setthng  velogty  and estimated  from  the  two-
dimensional image.

The accuracy and precision of the data reduction techniques
were tested i two laboratory setthng experiments usmng the
same holographic components as deploved in the ticld. The
cyperiments were conducted with presized (20 45 jm) calate
and sphalenite grams. Two methods of esumating the particie
volume were compared  The tirst used the average of several
measured dimensions from the projected cross-sectional imase
as the sphencal equivalent duimeter i the standard Stokes
setthng equation tor spheres [ Lerman er ai, 1973] The second

volume

used the appropriste measured dimensions of the particle as the
muator and mimor aves of gospherond hese aves were cach used
as the rotanonal aves o oapproamate oblate and profate
spherords By assumune the polar anas was either parallei to or

CARDER FT AL IN St HOtOGRAPHIC

perpendicular to the gravitational axs, two densiues each w
calculited by using equations in Lerman et al. [1973].

Compared with the published values for each mineral [/
bui, 19711, the spherical approximation gave the most consi
ent density: 249 + 0.22 calculated versus 2.72 g mi publish
for calaite and 3.66 — (.10 calculated versus 4.0 + 0.10 g-
published for sphalerite. In both cases. the spherically deriv
densiiies were within 107, of the published values. Pycnomet
determinations on the siame samples gave 2.63 = 0.22 g mi {i
calate and 4.15 = 0.22 for sphalerite. Occasionally. individu
spherodally denived densities were much closer to the pu
lished values, but the vanation in the measurements was qui
high (as much as 300",y reflecting the inability to measure th
third dimension with a single laser system. The sphericall
denived densities with a potential error of about 10 seem
adequate for this tmual attempt at quantifving these properties
in siu.

RESULTS

The primary data on each hologram 1s a particle size distn-
bution of all the parucles in the sample volume. Figure ¥ is
included as an exampic of such data. The 30 parucles depicted
in this figure represent all particles in excess of 15 um that were
recorded and reconstructed (rom a singie hologram. At present,
1t 1s not feastble to integrate such a small tme increment to get
an ostimate of mass flux. Under developement 1s a semi-
automated Jdata reduction system that will faailitate the gener-
ation of a sutfictent amount of optical data to permit estimation
of the mass flux. Through gravimetnic analysis of the collected
material. the mass flux at 30 m was esumated to be 149
mg m° day

ot DERTM
10 or 100 ¥
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A mean dimeter irequency histogram of partictes larger than 15 microns trom g single in situ hologram of 4 327 mi

volume of water measured on June 19, 198000 the western Atlantic Ucean

The termination of the size distnbution at 15 um diameter
was dictiated by the resolution of the in sttu system as it lacked a
spatial tilter and had lower magniticavon. SEM EDXA analy-
sis of the trapped matenal revealed that 93 . of the sample
mass was contributed by particles whose diameter exceded 16
um. While there would be obvious advantages i extending the
resolution of the system to smaller sizes. the present conngur-
ation accounted for the bulk of particles which contnibuted
signihicantiy to the mass Hux at this oceanie site.

Some ol the faster setthng particles were selected to show the
range of sizes, setthing velocites, and densities found during this
in situ expenment (Table 1) The velooihes ranged from 0.0190
to 02300 em s or daily excursions from 16 to 199 m. Density
calculanions for these same materals ranged from 137 1o S.10
g ml Frgures da- 4 are photographs of the reconstructed holo-
graphic tmages of three particles from Table 1 having densities
of 4.10. 290, and .37 g ml, respectively. Figure 4d was trom a
deplovment of the HPV-sediment trap to 100 m near the same
site 2 davs later. This thin-walled sphere. tentatnvely lubeled an
invertebrate egg case. was included as an example of one of the
most unusual particles recorded during the experiment.

DiscUSSION
The results show that 1t is possible to capture in situ the

holographic images of microscopic marine particles and use
them to measure ther individual sizes. shapes, setthng velo-

cities. and onentations. As far as we can determine. these are
the tirst in situ measurements of these vanables. Although there
are many possible improvements. the success of this expenment
should spark the apphcation of this technigue to a variety of
fundamental oceanographic research problems ancluding pn-
mary productivity, sediment erosion deposition, and parucle
aggrezaton disruption dissolution. A distinet advantage of the
system deseribed herein s the ease with which 1t can be aitered
to study selected particle size and density ranges. Magnihication
can be controlled by the imaging lens. and the exposure fre-
quency can be programed to capture either slowly or rapidly
setthng particles

One of the more mteresting aspects of this studv was the
density approximatons for some of the particies noted at this
location Three of the 11 hsted mn Table L had denstuies i eveess
of 4.0 ¢ ml. considerably higher than one would predict from a
knowledge of 1y pical oceanic suspended particulate matter that
includes carbonates, clay, amorphous sihci. quartz. and organ-
1cs. As this s i new techmigue, independent vernitic:tion of these
results was sought by using a scanning ¢clectron microscope
equipped wath an energy dispersive Xerav analyzer and image
analysis svstem. This measured particle swzes and collected
X-ray data for 21 clements on a particle-by -particle basis from
the trapped material on a portion of the tilter pad.

Of the 872 particles examined. 39 (47 .) were ttamum-rich, 98
{117 wereron-rich. and another 87 (10 4 exhibited an X-ray

TABLE 1. Individual Suspended Particulate Size and Setthng Veloaty From a Holoctaphae
Particle Velocimeter-Sediment frap Deploved Durnine the Night of Juae 19, [980
Spherical-
Average Setthing Eaguisalent
Part Mianmum, Minimum, Diameter. Velocity, Densny,
Nuntber um um um ! cms gml
| 0 16 23 0, 196 410
2 M 12 20 0.0776 416
3 21 % 20 0.1010 S0
4 40 9 14 00404 | S0
5 29 0 19 ERTNE 382
f U [ 24 (U 20
7 22 12 1" 00212 22
X AR} n 24 0 O6nty 2w
9 N ) M [IXHTEX 1.79
10 41 0 26 [IRIEETY ML)
1 tn [DARTIN 1.37

(AR L
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Photographs of the reconstructed holographic images of three parucles isted in Table | and one large spherical

particle collected durnine a later experiment at the same sie. All particles are onented with the gravitattonal vector pomting

toward the bottom of the page

spectrum totally qgreater than Y5 made up of ron. Thus,
25 by numbery of the particles were donunated by elements
normaily associated with high deasity minerals, (e.g. rutie.
iimenite, and hematte). Furthermore, the elemental distri-
butions of these particles were distinet from the metathie strue-
tural components of the sediment trap the stainless-steel cage
and gabvanized chamy Althoueh, we cannot completeh rule
out contiamination, the above evidence suggests that we cap-
tured hirh densny materials setthng through the upper Lasers of
the ocean from sources other than the trap or ship As three
eruptions of Mt St Helens volcano occurred within g month of
the crutse ithe last within 7 dass of the samphmg), we cannot
rule out the possthiits that 1t provided some eolan inputs to
these samples

In addition. the particle-by-partide data were examined to
see whether the dunensions of the high density particies noted

holographically were consistent with those measured by the
SEM EDXA svstem Several utinum and won-nich particles
were found microscopicaliy to hase dimensions essentially co-
incident iwithin 2 am cach of the major and mnor avest with
the high densty particies reported in Table 1 Thus, not only do
the compositional charactersties that, when translated to
ondes found i sediments {10, FeTiO, FeO) mateh the holo-
graphically determined densities, but the actual dimenstons of
the high density particles recorded by the Laser are the same as
several recorded by the scanning electron microscope On the
basis of this corroboration and the results of our own Libora-
tory cabibranons, the density approvimations made wath the in
sttu HPY dre reasonabiv accurate

Fhe cabibration experniments demonstrated the importance to
the spherondad setthne cquatton ol tae proper settling orenta-
ton and of the proper rotation of a tva-dimensvional image to
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aileulations of o three-dimensionul volume. The HPV simul-
tancously records the actual setthing dicection and onentation,
plus the cross-sectional shape of cach particle in the sample
ticld. However. this single Liser system does not allow detiniion
of an anis of rotation needed o caleulate particle volumes
(mass). Despite this himitanon, the sphenical equivalent den-
stties deternuned for two standard materials were within 10 .
of wecepted values. Thus, 1t should provide similar accuracies
for most compact particles (e.g. dimensions varving by jess
than a factor of 21

On the basis of shape. size, setthng wvejoaity, particle 11
i Table | and Figure 401 has been tentativeiv labeled as a fecal
peliet. The esumated densits, 1.37 ¢ milL s consistent with wet,
computet organic matter. Despite its low density. the size of this
particle was large enough to give it the highest setthng velocity
measured (0.230 cm s) Such a speed s close 1o the lower end of
the runge reported tor fecal matertal from the equatorial Atlan-
tie [ Bishop et af . 1977) On the basis of this estimated rate of
descent, the pariicle would have moved though the ecuphoue
zone 1 less than a das. This underscores the potential that in
situ systems have 1 addressing brological removal processes
that may exert primary control over mass flux in bath shallow
and deep ocean waters {Lerman e al, 19770 Smavda, 1971
Wiche of al, 1976 Bishop et al.. 1977 Fowler and Small, 1972
Homoand Roman. 1978 Knauer et al. 1979 Schrader, 1971

Our expertence with the holographic system indicates that it
1y espectatiy well suited for analysis of norganie materals.
Primaniy, this results from their bemng more refractive than
simularly sized organie matenial. As 4 result, morganic material
such as quartz grams and clay partcles have high contrast
dittraction patterns thut provide a sharper holograhic image.

The uthty of this and sinular devices will be greatly extended
with the additton of a rugged spatial tilter collimator that will
improve the contrast of the recorded diffractton patterns. In
faboratory tests, such an opueal arrangement with higher mag-
mincation and spatial hltering has allowed us to record and
reconstruct mineral grains as small as 2 gman diameter. Such a
change to the svstem will also be an advantage in studies of
orgame-rich material since these are characterized by lower
contrast diffracuon patterns. In addibon. the manual image
reduction technique could be automated with a computer-
buased image analysis and precision frame registration system.
The great advantage here 1s the speed and accuracy with which
the data from large numbers of holograms could be processed
With these and other changes. passive i situ optical systems
may help increase our understanding of a number of fundamen-
tal oceanic processes.
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Sediment resuspension by coastal waters: a potential mechanism for
nutrient re-cycling on the ocean’s margins

KENT AL FasninG. Keaparr Lo Carper and PETER R, BETZER
(Recewed 21 Novemper 19RO tr revised form 18 Sepiember 1981 accepted 15 November 1981)

Abstract  Nutrient profijes from the continental shelf of the northeastern Gulf of Mexico indicated
comsderable near bottom earichment m sihea and nutrate above coarse sediments east ot the
Mississippr delta. In contrast, near bottom waters of the carbonate-rich West Flonida Shelt showed
no osueh enrichments. Storm retated suspension apparently produced the enrichments because. in
near bottom waters south of Mobile Bas, siica. nitrate plus mitrite, and suspended lvad increased
substantiatiy as g winter storm front passed. Also, laboratory simulauon of resuspension by strring
the supernatant seawater over a clay nich core produced simtdar increases i sibca and nitrate plus
mitrite, with amur.a being the apparent precursor to the mitrate and mitrite. Most of the nutrient
increase appeared o come from previousty deposited sediments in the early stages of resuspension,
Uwng the ratios of nutnients reicased (0 sediments resuspended. caleulations indicate that
resuspension of as httle gy L mmoof shelf sediment could intermittently  augment overiving
productivty by as much as 100 10 200%. Thus. resuspension may accelerate nutrient recychng on
conunental margns.

INTRODUCTION

AS PART of a survev of the continental shelf of the eastern Gulf of Mexico during mid-May
1974, stations were occupied in two adjacent regions. the northeastern gulf shelf from the
Mississippi delta to Cape San Blas (29°42'N, 85°24'W) and the West Florida Shelf from
Cape San Blas south to Tampa Bay. At cach station (Table 1). water depth was 70 m or less.
and nutrients and salinities were determined for surface. mid-depth, and near-bottom waters.
The resultant profiles indicated the two regions to be different in an important respect (Figs
1a. b). Near-bottom waters of the northeastern gulf shelf were considerably richer in silica and
nitrate than those of the West Flonida Shelf even though the near-bottom salinity profiles for
the two regions were virtually identical. The empty dashed zones in Fig. b show where
equivalent enrichments would plot if they also occurred in the West-Florida-Shelf profiles. But
enrichments were only found on the northeastern gulf shelf. and those for stations near the
Mississippt delta tended to be the highest for either or both silica and nitrate (Table 1. Fig. 1a).
There were also slight increases in near-bottom phosphate on the northeastern gulf shelf
compared to the West Florida Shelf.

The enrichments on the northeastern gulf shelf might have resulted from four processes: (a)
transport of nutrient rich river water from the southern United States. (b) upwelling of deeper
offshore waters. (¢) more intense near bottom regeneration of inorganic nutrients on the

® Depariment of Muanne Scence, Upiversity of South Flonda, 130 Seventh Avenue South. St Petersburge, FL
WL US A
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Table |.  Station locations for survey of the eastern continental shelf of the
Gulf of Mexico. 15-18 May, 1974
Station Latitude {N) Longitude (W) Shelf section
10 29°36 87025 NE gulf shelf
tl 29041 87°39.5 NE gulf shelf
12 29°46 87°54 NE gulf shelf
13* 29°87 88°14 NE gulf shelf
14° 29°56.5 88°23.5 NE gulf sheif
15 29°54 88°33 NE guif shelf
AS® 29017 88°26 NE gulf shelf
Ab* 29°20 88°45 NE guif shelf
C3 29987 87°10 NE gulf shelf
C4* 29033 88911 NE gulf shelfl
M7 29043 86°01 NE gulf sheif
Mg 29°44 86°14 NE gulf shelf
MY 29052 86°15.5 NE gulf shelf
C2 29028 85°49.5 NE gulf shelf
Mi 27°45 83°28 West Florida Sheif
M2 27052 $3°24 West Flonda Shelf
M3 27°%6 83943 West Florida Shelf
My 28921 84°24 West Florida Shell
Ms 28°29 84°21 West Flonda Shelf
Méo 28°43 84°20 West Flonda Shelf
Cl 20°13 84°02.5 West Flonida Shelt’
* Close to Mississippi delta.
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northeastern gulf shelf. or (d) an injection from bottom sediments. Transport of river water
was probably not responsible because. at around 36 x 1073, the near-bottom salinities were
; ' too high. Upwelling was also uniikely. Nutrient-salinity plots for an offshore station at 28°N,
87°W (G. BERBERIAN and D. ATwOOD. personal communication) indicated that the near-
bottom waters at Stas 11, 13, and 15 had much higher silica concentrations (13 to 16 uM)
than could be produced by the upwelling and mixing of deeper water. Also. if upwelling had
provided most of the nutrients, then enrichments in silica and nitrate should have occurred at
all stations having upwelled water. Bul near-bottom waters at Stas 11 to 13 were enriched in |
silica but not in nitrate, while near-bottom waters at Stas 14 and 15 were enriched in silica
and nitrate (Fig. 1a). Thus, the pattern of near-bottom enrichment was not consistent with
upwelling as the major source of increased nutrient concentrations. There is no reason to
expect that near-bottom nutrient remineralization on the northeastern gulf shelf was more
intense than on the West Florida Shelf, so that means of enrichment was also improbable.
Thus. much of the near-bottom enrichment on the northeastern gulf shelf appears to have
been caused by sediment—water interaction. with turbulent resuspensior: of shelf sediments
being a reasonable possibility. Because such a process could be important to nutrient
recycling on continental margins. we conducted two related studies: (1) observation of
nutrient increase and sediment resuspension during the passage of a storm front on the
northeastern gulf shelf and (2) measurement of releases of silica. phosphate. and nitrogenous :
nutrients during a laboratory simulation of sediment resuspension. ‘

METHODS

Salinity was determined with a Beckman salinometer or a Guildline Autosal
conductometric salinometer standardized against standard seawater. Dissoived ammonia was
determined automatically with a Technicon AutoAnalyzer II® using the method of
GrassHOFF and JOHANNSEN (1972). Silica. phosphate. nitrate, and nitrite were determined by
the automatic techniques discussed by FANNING and MAYNARD (1978). The beam attenuation
coefficient due to particles suspended in seawater. c{m~'), was measured with a
Hydroproducts® 906-912 transmissometer. A particle-free value of ¢, is zero. Suspended
particle loads were determined gravimetrically on Nuclepore membranes (BETZER, CARDER
and EGGiMANN, 1974). Oxygen concentrations were measured by Winkler titration.

NUTRIENTINJECTION BY STORMS

Storm-generated resuspension and nutrient release were observed SSE of Mobile Bay at
Sta. 2639 (29°53'N. §8°12'W), water depth 30 m. For a 5-day period (20 to 25 February.
1978). the station was occupied at anchor. with transmissometry profiles taken every 2 h and
near-bottom water samples taken daily tor determination of nutrients and suspended loads.
Water samples for nutrients were immediately filtered and frozen for later analysis. and the
filter pads were weighed to get suspended loads. Salinity samples were taken every 2 h.

A winter storm front passed by between 21 and 22 February (Fig. 2). About 0100 on 21

Fig. 1. Profiles of nutrients and salimty from the northeastern Gulf of Mexico and West Florida

shelves in May 1974, Stavon numbers from Table 1 are shown next to the bottom-maost sampies of

the statons. The dashed profiles indicate stations where insulticient sampling at intermediate depths
troduced some uncertamty in sahmty distributions. The dashed regions are explamned in the text.
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Fig. 2. Varigtion in physical parameters during passage of 4 1978 winter storm tront at Sta. 2639,
SSE of Mobile Bay (29°953'N, 88°12°Wi Top: wind speed. wind direcuon. sea state. Bottom:
verbeal profile of beam attenuanon coetficient of the transmissometer (¢, tm b,

February the sea state was 3. and the wind speed began to shift from 8 kn out of the
southwest toward much higher speeds coming more out of the north. The maximum speed
occurred about 24 h later. 23 kn out of the northwest at 0100 on 22 February. By that time
the sea state had reached 4. About 30 h after it started the storm passed. the wind returned to
about 8 kn. and the sea state dropped to 3. In the last half of the storm’s passage. the turbidity
of the water column began to increase. Near-bottom values of the beam attenuation coefficient
of the transmissometer (c,) rose from 1.1 to 2.7m ' around 0300 on 22 February and finally
to more than 3.3 m~'. About the time of the highest wind speed. the surface value of ¢, also
reached a maximum.

The storm’s passage was also reflected in the relationship between nutrient concentrations
and suspended load in near-bottom waters {Fig. 3). Both suspended load and concentrations
of silica and nitrate plus nitrite decreased between 26 and 21 February (see Discussion). But
the onset of the storm was followed by corresponding increases in suspended load and in
concentrations of both silica and nitrate plus nitrite. Suspended load increased 7-foid. and
each nutrient concentration more than doubled. The bottom half of the water column had
salinitics of 34.5 to 35.5 < 10 " on 20 and 21 February. and the water that moved in at the
storm’s height on 22 February was slightly more saline (35.5 to 36.1 <1077 as well as being
richer in suspended matter and nutrients. The salinity  nange is within the range to be
expected along the northwest Florida continental shelf (see salinity profiles tor the upper 30 m
in Fig. la),
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Fig. 3. Vanaton of silica and nitrate plus nitrite with suspended load in near-bottom waters at a
station SSE of Mobile Bay (Sta. 2639, 29°53'N, 88°12"W). A storm front passed the spot between
21 and 22 February. 1978, Arrows mark the time course of the changes.

The near-bottom suspended load during the storm was higher than those trom other
seasons. The same station was occupied during summer (five determinations in July 1976)
and fall (five determinations in November 1978) by BETZER. PEACOCK and JOLLEY (1978).
Their samples were taken 3 m above bottom with a 30-1 Niskin bottle. and their averages for
summer and fall were [70 (£103) and 380 (+228) ug 1-'. respectively. both of which are
much smaller than the 1850 ug! ' during the storm of 22 February (Fig. 3). BETZER 1 al.
(1978) also made five determinations of near-bottom suspended load at the station in
February 1978 independently of the data in Fig. 3. and their average was 1070(+910) pg 1 .
which is also higher than the fall and summer averages. The standard deviation for the winter
sampling is 4 to 8 times those for other seasons. Such a large scatter is consistent with the
suggestion that winter storms produce increases in suspended load by resuspension and
transport.

The coincidence of a storm passage with marked increases in suspended matter and
dissolved nutrients is unmistakable and strongly suggests the changes were related.
Resuspension could produce dissolved silica in two wavs. the mixing of pore waters into
bottom water and the solution of silicate particles during and after resuspension. Marine pore
waters contain much higher concentrations of silica than bottom waters. and release of silica
from stirred sediment has been demonstrated (FANNING and SCHINK, 1969: FANNING and
PiLsoN, 1971). Nitrate-nitrite enrichments could have occurred through the intermediate of
ammonia. In shallow-water reducing sediment. interstitial ammonia concentrations can be
several millimolar while the overlyving water column has much less ammonia (MATISOFE,
BrickER. HOLDREN and KAERK, 1975). Ammonia may also be sorbed to deposited sediment
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(ROSENFELD, 1979). Resuspension of a few millimeters of reducing sediment could cause a
temporary increase in ammonia in a shallow water column. and subsequent oxidation could
then produce nitrate and nitrite.

The suspended matter associated with the suspended-load maximum on 22 February
(Fig. 3) contained a considerable fraction of clay—about 50%. This conclusion was reached
from its aluminum content (6.3%) and its Si: Al ratio (3.4 : 1). Such a low Si: Al ratio means
that much of the suspended silica was associated with aluminum in aluminosilicates. The
estimate of S0% clay was made using a mass conversion ratio of 8 units clay to { unn
aluminum. based on mineralogic determinations on the suspended matter. Thus. the
suspended matter near the bottom during and after the storm not only had greatly enhanced
concentration but also had a composition consistent with an origin in a clay-rich substrate.

Recent work indicates that the bottom under Sta. 2639 has many sand-sized particles
{DovLr and Sparks. 1980). However, just to the west the sand content decreases markedly
as fine-grained pro-delta facies of the Mississippi River are encountered. Thus. the
resuspension and nutrient increases observed at the station may have originated in the west
and been carried 1o Sta. 2639 as the storm moved eastward.

STIRRINGEXPERIMENT

To investizate nutrient release by resuspension under more controlled conditions. we
conducted a laboratory resuspension of deposited sediment. Because the sediment in the |
: water column at Sta. 2639 contained considerable amounts ot aluminosilicates. the deposit to :
be artificially resuspended had to be clay-rich and could not come from beneath Sta. 2639
{sce above). We lacked cores trom the Mississippi delta, but, on cruise 78-R-2 of the R.V.
Researcher. we were able to obtain clay-rich sediment from the continental margin north of
Venezuela. Those deposits derive from the Orinoco niver and are typical clay-bearing deltaic
muds. By gently lowering a werght stand with two core liners attached 13 cm apart. two cores
were taken simultaneously in 103 m of water at 11°00'N, 62°01'W. The cores. G.C. 17 and
G.C. 18. were 6.7cm in diameter and were sealed in nitrogen-filled plastic bags and
refrigerated to retard bactertal activity until opened and processed.

Core G.C. 17 was used to characterize the sediment. At room temperature (22°C). it was
sliced in a nitrogen atmosphere and the slices squeezed to remove pore waters, which had high
1 concentrations of interstitial silica 1200 to 300 uM) and phosphate (4 to 9 uM). Most of the
sediment was reducing: the top centimeter had 15 pM nitrate. but the rest had much less than
S uM nitrate. The sediment was brownish on top and greenish below 5 cm. Resuits for G.C.
17 were assumed to apply for G.C. 18 as well because the two were collected so close
together.

Core G.C. 18 was used for the resuspension experiment at 22°C. approximately the i situ
temperature (19°C). The old supernatant scawater was carefully removed. and 11 of low
autrient surface seawater (salinity: 36.57 « 10°%) was put over the sediment. The scawater
was very slowly added through capillary tubing so that it trickled gently down the liner wall
above the sediment until the water column over the sediment was 28 cm high. The
emplacement took 3 to 4 h. The scawater was allowed to stand for 30 min and then sampled.
A 6 cm wide Tetlon paddle was placed about 10 ¢m above the sediment-water interface and.
over the next 20 h, was rotated to resuspend the sediment. The rotation was slow at first. with
the outer edee of the paddle having a tangential velocity of 9 cm's ' At intervals. rotation
speed wus mereased. and samples of the suspension were taken for the determination of
suspended load and dissolved components (Table 2).
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Tuble 2. Stirring speeds. suspended loads, and nutrient concentrations Jduring the resuspension experiment on
Core G.C. 18 from the Venezuelan continental shelf (11°N, 62°01'W). Supernatan: seawater was nitially
nutrient-poor with 36.57 « 10 °* salinity

Tangential velocity

Elapsed of paddle’s Volume of Suspended Dissolved nutrient concentrauon (uM)
ume outer edge supernatant load
tmin tems B seawater (ml) (mgl"H NO~ NO: NH, PO; SHOH),
V] 0 1.000 2t 0.29 0.13 405 0.44 5.0
10 9 970 23 0.17 0.15 32 0.46 6.1
17 9 953 32 0.14 0.14 3.84 0.46 5.8
25 24 940 167 0.20 0.14 4.1 0.5% 1.7
30 A 918 S50 0.25 0.15 — Q.57 8.3
Extensine erosion besins
ki 18 910 2.309 0.2% 0.19 367 0.87 12.9
40 38 893 SN 0.38 0.21 9y [.69y 7.4
60" 53 380 6,726 0.4% 0.2y 6.91 .79 304
NV 53 863 S8 0.67 0.2X 7.00 20! 26.4
129° 68 8350 1R.79% 0.89 0.26 — 237 6.0
110 6% 838 1§.207 0.94 0.29 6.80 2.29 684
193 o) 820 22942 1.37 0.26 — 240 87"
204 68 805 19,890 116 0.23 4.8 26l 85.6
172 68 790 470137 832 0.20 257 243 106.4
Scawater betfore empiacement — — 0 0.09 0 0.232 0.2

* Tumes when the rotation speed was increased.

Erosion of the sediment was slight for the first 30 min. Then the stirring speed was
increased to 38cms ' (Table 2. Fig. 4). and the suspended load increased rapidlv with
stirring rate until, between 190 and 200 mun, it reached 20 ¢ 17", Stirring was continued for
another 16 h. and ultimately about 40g of sediment were eroded. The area of the
sediment-water interface was 35.3c¢m’. so between | and 2c¢m of sediment had been
resuspended. assuming a surface sediment porosity of 60 to 80 and a dry particle density of
27gem

Nutrient release seemed to be in three stages (Table 2. Fig. 4). but the first stage was the
most unexpected and perhaps the most sigmficant. It occurred during the emplacement
operation betore any stirring was begun. The seawater trickling down the core-liner wail had
almost no nutrients (Table 2): vet. after emplacement and 30 min of waiting, all nutrient
concentrations had increased. The ammonia increase was from undetectable to 4.5 uM and
silica increased 28 fold. Thus. a release of nutrients is shown at zero stirring time in Table 2
and Fig. 4. with the inital release of nitrogenous nutrients being nearly half of the tinal release
observed. Diffusion across the sediment-water interface did not provide all of the release
observed during emplacement. Again assuming 60 to 80% porosity in the sediment, the
increases in siica and phosphate would have required all the interstitial silica and phosphate
in the upper § 0 10 mm of sediment. and. durimg the 3 to 4 h emplacement period. diffusive
exchange could not have occurred over more than | to 2 mm. Thus. the initial release came
partly from a small amount of sediment resuspended during the emplacement. No release was
anticipated. so the suspended matter in the seawater was not determined before emplacement.
and how much of the 21 mg! ' suspended matter before stirring (Table 2) was due 1o the
emplacement is unknown. Thus. the nutrient release per gram of emplacement resuspended
sediment is difficult to ascertain. Assuming that the emplacement water initially had no
suspended matter. we can estimate minimum release ratios (Table 3.
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The second stage of nutrient release came atter 30 min of stirnng when the surring speed
was ancreased to 38 ems ' oand extensive erosion began (Table 2. Fig. 4). All nutrient
concentrauons increased rapidly during the resuspension. and the relanve increases in
phosphate and silica were higher than that of suspended matter (Fig. 4). Ratios of nutrient
released per gram of eroded sediment were caleulated for the period of 33 to 60 mun stiennge
ume when the croston was most rapid (Table 2). The release ratios are roughly two orders of

magmtude less than those tor the first stage.
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The third stage of nutrient release was between 3 and 19.5 h of stirring and was weaker
than the other two. Silica and nitrogenous nutrients were released slightly and phosphate may
have even decreased. however the totai amount of resuspended sediment nearly doubled
(Fig. 4). The implication is that most of the releasable nutrients are in the upper few
millimeters of sediment.

During the three stages. release of nitrite and nitrate appeared to be related to that of
ammonia (Table 2). The first major change was the appearance of ammonia. As erosion
commenced and continued, ammonia concentrations remained fairly constant and then rose
to about 7 uM after I h of stirring. Meanwhile. nitrate concentrations increased slightly and
then. after the first hour. began to increase as the ammonia concentrations began to {all. After
3 to 19 h of stirring. nitrate became the principal nitrogen compound. The pattern of
ammonia release followed by increasing nitrate concentration resembles the classic
description  of the regeneration of nutrients from phytoplankton populations—
ammonification followed by nitrification (RiCHARDS. 1965: HARVEY. [955). Oxvgen
concentrations measured at 3.2 and 19.5 h stirring time were 4.0 and 44 ml (STPV} ',
respectively. Thus. ample oxveen was present to oxidize ammonia and bacterial substrate was
ample.

The tlux of nitrogenous compounds during stirring can be compared with fluxes estimated
for other nearshore sediments (Table 4). The rate used for the experiment was that from when
erosion was extensive between 35 and 60 min. The flux in the experiment is much higher than
the other estimates. which are either for long time periods (BiLLEN. 1978) or for benthic
chambers that prevent resuspension {(Nixon, OviaTT and HALE. 1976). In contrast. a
resuspension flux associated with erosion is for a single. dramatic. and fairly infrequent event.

Table 3. Estimated fluxes of inorganic forms of combined nitrogen from various areas
of the conmtinental margin under different conditions

Sediment condition Fluxes of NH, - NO; - NO;
Sediment location dunng refease (ug-at. Nm “ min~ ")
Venezuelan shelf Artficially eroded 414
(water depth, 100 my
North Sea
coastal* Natural 2.8
offshore® Natural 1.8
whole area® Natural 2.0
Narragansett Bayt Under benthic chamber 13-1.7

* BiLtEN (1978), long 1erm average.
+ NIxON ef al. (1976). averaged over | year.

If the interstitial concentrations of core G.C. 17 represent those of the surred core. the pore
waters released during stirring had about 250 uM SiO; and $ uM PO, . Assuming a sediment
of 60 to 80" porosity and a dry density of 2.7 g cm . the amounts of interstitial silica and
phosphate available were:

83 <10 *t02.2 - 10 *gSiO, per g solid
and

26«10 1070 < 10 "2 PO, per g solid.
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But the data in Table 3 show that. during rapid erosion, the release ratios of silica and
phosphate were:

2.3 x 107 g SiO. per g resuspended solid
and
1.7 x 107 g PO}~ per g resuspended solid.

Thus, during the second stage. the interstitial waters appeared to contribute only a small
fraction of the total silica and phosphate released. The implication is that the upper few
millimeters of continental-margin sediment may contain a considerable reservoir of nutrients
attached to the deposited particies and releasable by resuspension.

DISCUSSION

The information presented suggests that resuspension of continental margin sediment is
important in fertilizing nearshore waters. Near-bottom nutrient enrichment along the
northeastern margin of the Gulf of Mexico can be explained by such a process as can storm-
related changes in nutrients and suspended load south of Mobile Bay. Alabama. Further. a
laboratory swdy of deltaic sediment from the Orinoco demonstrated substantial nutrient
release from rather gentle disturbances.

The question of the true importance of resuspension as a fertilizing mechanism arises.
However, we wish to emphasize that resuspension is at best a mechanism for recycling
nutrients between water column and sea bed. Any nutrients released by resuspension could
only have reached the sea bed by the sinking of some form of organic matter from the water
column. The ultimate source of most oceanic nutrients is land runoff. However. resuspension
could play a role in sustaining high productivity on some continental margins by accelerating
nutrient turnover.

For the Gulf of Mexico. considerations of the importance of resuspension to nutrient
recycling involve calculations of potential production from riverine nutrients, storm intensity
and the distribution of fine-grained sediment. and near-bottom er .chment.

According to work of the U.S. GeorLoGicaL SURVEY (1980). during 1977 to 1979 the
Mississippi River contained an average of 8.25 ug-at. P1 ! in both dissolved and particulate
form and an average of 164 ug-at. N1 ' as ammonia. nitrite. nitrate. and dissolved and
particulate organic nitrogen. We wili consider that all forms of nitrogen and phosphorus can
be used by phytoplankton and that all of the river runoff to the gulf from the United States
has the average concentrations obtained for the Mississippi. The Mississippi River runoff is
1.54 x 107 1d"" (HoLeman, 1968) and the runoff from other United States rivers is
0.41 x 10" 1d ' (EL-SAYED et al.. 1972), making a total runoff from the United States to the
gulf of 2 « 10" 1d '. The area of the United States gulf shelf is 3.34 x 10'' m* (MANHEIM,
1980). Therefore. if we assume the Redfield ratios apply (106 C: 16 N : | P; RICHARDS. 1965),
the United States rivers could sustain an average shelf productivity along the guif coast of
63mg C m ° based on the total riverine phosphorus or 78 mgCm *d ' based on total
riverine nitrogen. Yet the measured productivities along the United States gulf coast are 210 3
times higher: 100 to 200mgCm “d ' (EL-SAYED er al. 1972). It is possible that the
phyvtoplankton of the United States gull coast photosynthesize more atoms of carbon per
atom of phosphorus or nitrogen than the Redficld ratios predict. but the higher shelf
productivities may come from recycled nutrients. The possibility appears more likely because
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all of the riverine nitrogen and phosphorus used in the above estimate may not be usable by
phytoplankton: sediment resuspension could provide the additional source of nutrients.

An estimate suggests the potential enhancement of primary production by resuspension
along the gulf shelf with storms playing a major role. If I mm of shelf sediment is
resuspended. and the sediment had 80% porosity and 2.7 g cm~? dry density. uts resuspension
would introduce 340 ¢ of solid material per square meter of water column. If resuspension of
shelf sediment trom the gulf shelf releases approximately the same quantities of nitrogen and
phosphorus as occurred during the experiment. we can multiply the 540 g m - by the release
ratios in Table 3 and the Redfield ratios to predict the potential enhancement in production.
The appropriate Redfieid ratios are: 0.0795 mg C (ug-at. N)™' and 1.272 mg C (pg-at. P\
From Table 3. release ratios for the emplacement stage predict enhancements ranging from
more than 6900 to more than 9000 mg C m~2: the ratios for the extensive-erosion stage
predict enhancement of 40 to 120 mg C m °. So resuspension of 1 mm of sediment could raise
primary production considerably. especially if the phytoplankton fix more carbon than pre-
dicted by the Redfield ratios (GoLDMAN. MCCARTHY and PEAVEY, 1979). Further, there are
many storms to resuspend sediment in the Gulf of Mexico. Fine-grained resuspendable sedi-
ment covers approximately 200,000 km*® of shelf from Mobile Bay (DOYLE and SPARKS.
1980) to Mexico (SHIDLER. 1977). and much of it is under 50 m of water or less. Intense
storm tronts cross the area from northwest to southeast an average of four times a month
(HeNRY, 1979): during the hurricane season. an average of four tropical cyclones and
hurricanes run ashore across this sediment (SiMpSON and LAWRENCE. 1971). Each storm
takes 1 to 2 days to pass a given point on the shelf, implying that the nutrients could be
introduced fast enough to be important to rates of productivity.

There are published references to the importance of recycled nitrogenous compounds from
the sea bed. Ho and BARRETT (1977) concluded that ammonia enrichments in near-bottom
waters of Caminada and Barataria bays near the Mississippi delta in March and May of 1972
were produced when waves agitated sediments. NixoN (1981) presented budgets that show
that ammonia emitted from benthic communities is an important part of the nutrient balances
in coastal waters.

Our work on resuspension has some puzzling features. During the storm passage at Sta.
2639 south of Mobile Bay (Fig. 3). suspended sediment increased 1620 pg 17", silica rose
2.4 uM. and nitrate-nitrite rose 4.6 uM throughout the bottom 15 m of the water column.
The release ratios as calculated from these field data are considerably larger than
observed in the stirring experiment (Table 3). The sediment resuspended during the first stage
of the stirring experiment could only be estimated as a maximum. If less were actually
resuspended during the emplacement. the release ratios for the first stage would have been
higher. morc in agreement with ratios from Sta. 2639. The high fraction of clay minerals in
suspension at Sta. 2639 suggests that the suspended matter may have originated elsewhere.
perhaps to the west. Duning transit to Sta. 2639, some of the suspended matter may have
settled. but any nutrients present were dissolved and may not have vanished from the water
column as quickly. The ratio of released nutrient concentrations to resuspended sediment
loads would appear to have increased during transit and would have been higher at Sta. 2639
than immediately after a resuspension event, cither in siru or in the laboratory. Another puz-
zling feature of our work is the data from 20 February (Fig. 3). On that dav. the water at Sta.
2639 had nutrient concentrations higher than those during the storm’s passage and vet much
lower suspended loads. Again. the explanation may be the sinking of resuspended sediment
away from the solubie nutrients. In winter. storms pass that area every 2 to 4 davs. Water
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may have been carried in before 20 February with high nutrient concentrations and
suspended loads and then remained. allowing the suspended matter to settle while the nutrient
concentrations remained fairly high. However. without more data we can only speculate
about events prior to 20 February.

CONCLUSIONS

Evidence from nutrient profiles on the northern rim of the Gulf of Mexico. from increases
in nutrients and suspended matter during a winter storm. and from laboratory resuspension
studies on fine-grained shelf sediment strongly suggest nutrient release during the resuspen-
sion of sediments.

The results from a laboratory release experiment on stirred sediment can be used in
evaluating the potential impact of resuspension by normalizing the nutrient release to the sedi-
ment release during stirring. giving a release ratio (Table 3). Application of those ratios show
that as little as | mm of resuspended shelf sediment could. with subsequent mixing into the
euphotic zone. significantly fertilize the overlying waters. The cffect is an enhancement in
nutrient recycling on continental shelves. thus providing a rcasonable explanation of why shelf
productivitics could be higher than predicted from fluxes of river nutrients.

The potential release of recycled nutrients from resuspended sediment shouid be included in
studies of nutrient balances along continental margins.
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